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The normal distribution of phosphorus compounds in the liver and 
changes of these compounds in different conditions have been little studied. 
- Cori and Goltz (1) described an increase of the inorganic P and easily hy- 
drolyzable organic P fractions in the livers of mice consequent to the ad- 
ministration of insulin. In animals subjected to various experimental 
procedures, Flock and her coworkers (2) found no change in the distribution 
of phosphorus in the livers except a general decrease in all fractions in the 
fatty livers obtained after the administration of a high fat diet. 

The studies here reported are part of a series dealing with the distribution 
and metabolism of phosphorus compounds ir. various tissues. 


EXPERIMENTAL 


Rats from our stock colony weighing 222 + 45 gm. were used. The 
animals designated ‘‘fed’’ had access to food up to the time of the admin- 
istration of insulin or epinephrine, while the fasted animals were deprived 
of food for 16 to 18 hours prior to the beginning of the experiments. Insulin 
' was administered subcutaneously in doses of 2 or 5 units per animal.! 
- Epinephrine was injected subcutaneously, in doses of 0.2 mg. per kilo of 
body weight. 

1 hour after the subeutaneous injection of either hormone the animals 
were killed under deep amytal anesthesia by decapitation and blood was 
collected for analyses. The liver was removed quickly and dropped into a 
dry ice-ether mixture. After the tissue was thoroughly frozen, it was 
powdered in a chilled steel mortar. Approximately 2 gm. portions of 
powdered liver were added to 20 ec. of ice-cold 5 per cent trichloroacetic 
acid in tared centrifuge tubes and the tubes were then reweighed. The 


* Presented in part before the American Physiological Society at Chicago, April, 
1941, 

‘Since no difference was found between findings among rats given 2 units and 5 
units, the data were not separated according to dosage. 
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tubes were shaken vigorously for 10 minutes, centrifuged, the supernatant 
fluid removed, and the residue reextracted with 5 ec. of 5 per cent tri- 
chloroacetic acid. The wash fluid was added to the first extract and the 
combined fluids were filtered to remove remaining particles. 

The method of Fiske and Subbarow (3) was used for the determination of 
the inorganic P, the total acid-soluble P, and the easily hydrolyzable P 
(that liberated by 8 minutes heating with 1 N sulfuric acid in a boiling water 
bath). The organic phosphorus not liberated by 8 minutes acid hydrolysis 
was designated “rest”? phosphorus. Liver glycogen was determined in 
portions of the frozen liver by the method of Good, Kramer, and Somogyi 
(4). Blood sugar was determined by the micromethod of Somogyi (5). 

Statistical analysis of the data was made by Mrs. FE. W. Brown, in ae- 
cordance with the methods of Fisher (6). 


TABLE I 
Influence of Fasting, Insulin, and Epinephrine on Liver Glycogen 
and Blood Sugar of Rats 


No. of rats me edaee Bayt 
per cent mg. per 100 gm. 

Fed Control 10 3.67 + 0.44 116 + 4.6 
Insulin 14 2.56 + 0.18 49 + 3.1 

Fasted Control 8) 0.11 + 0.04 84 + 3.8 
Epinephrine 1] 0.31 + 0.05 IS] + 6.4 

Insulin 10 0.01t 24+ 1.1 


* Standard error of the mean. 
t No statistical description of this value was attempted, since all concentrations 
were at the lowest limit of measurement by the method used. 


Results 


Data summarized in Table I indicate that insulin produced a decreased 
blood sugar and liver glycogen in both fed and fasted animals. Epineph- 
rine produced an increased blood sugar and liver glycogen in the fasted 
animals. Those changes were found to be statistically significant. 

The data summarized in Table II indicate that insulin produced a 
marked and consistent increase in the total acid-soluble P concentration in 
the livers of both fed and fasted rats. This increase appeared to be due for 
the most part to a rise in the organic rather than inorganic fractions; both 
the easily hydrolyzable and the rest fractions in the livers of both groups in- 
creased considerably, while the inorganic P increased significantly only in 
the fasted animals. Following the injection of epinephrine there was little 
if any change perceptible: there appeared to be a slight shift (approaching 
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statistical significance) of inorganic P into the rest P fraction, while the 
total P and easily hydrolyzable P remained unchanged. In the livers of 
rats deprived of food 16 to 18 hours the inorganic P appeared to be increased 


TaBLeE II 


Influence of Fasting, Insulin, and Epinephrine on Distribution of Acid-Soluble 
Phosphorus in Livers of Rats 


Total acid- 


: - », Easily hydrolyz-| « ” p. 
ais” Soluble P; mean pean ‘ands. | able Ps mean | mesh ‘and §.2.* 
mg. per 100 gm. | mg. per 100 gm. | mg. per 100 gm. mg. per 100 gm. 
Fed Control 10 100.541.7 17.5240.7) 18.340.4| 64.741.5 
Insulin 14 116.8 + 1.7) 18.2 + 0.7 | 22.24+0.7| 76.341.8 
Fasted Control 9 97.0 + 2.0 21.9+0.4) 16.2+0.4 59.141.2 
Epinephrine ll 98.4 + 1.4) 20.2+0.6 16.1 40.7) 62.1+0.7 
Insulin 10 | 112.24 1.6 | 24.24 0.6 68.6 + 1.2 


19.4+0.7 


* Standard error of the mean. 


TABLE III 


Significance of Differences between Mean Concentrations of Acid-Soluble Phos- 
phorus in Livers of Rats 


| Easily hy- 














Total acid-soluble P | Inorganic P drolyzable P | “Rest” P 
Differ- | ‘ - \Differ-| : | Differ- Differ- eee 
ence p ence p ones p ane p 
om } 
mg. per | mg. mg. | mg. per 
100 gm. yw ‘m. | 100 gm. 
Fed Insulinvs. +16.30.001 — |+0.80.5 -0.4 |+3.9/0.001 +11.6(0.001 
control | 
Fasted ,'s +15.2'0.001 i+2.3,0.01-0.001'+3.2'0.001 +9.6/0.001 
Epineph- +1.40.06-0 05) —1.7/0.05-0.02 |—0.1/0.90 | +3.0/0.05-0.02 
rine vs. | 
control 
No treat- Fasted vs. —3.50.30-0.20.+4.40.001 —2.1/0.001 —5.6)0.02-0.01 
ment fed 
Insulin a —4.60.10-0.05 +6.00.001 —2.80.01  —7.70.001 
*p = percentage chance that a deviation as great or greater than that observed 


would arise by chance alone; any value of p 0.05 or less is usually accepted as in- 
dicating a significant difference (Fisher (7)). 


at the expense of the organie P without change in the concentration of the 
total acid-soluble P. 

The differences and estimates of significance of the differences between 
values for the various phosphorus fractions in the livers of the several 
groups are summarized in Table IIT. 
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DISCUSSION 


Effect of Fasting—In the livers of fasted rats the concentration of in- 
organic P increased at the expense of both the easily hydrolyzable and the 
rest phosphorus fractions. No reasonable explanation for this shift is ap- 
parent. Such a change might be thought to be related to glycogenolysis, 
except that after an 18 hour fast the glycogen has been reduced to a low 
concentration in the liver for several hours and it is probable that we are 
dealing here with a steady state rather than with changes associated with a 
progressive diminution in the concentration of glycogen. 

Effects of Insulin and Epinephrine—Suggestions which have been made 
to explain the decreases of inorganic P in the plasma which follow the 
administration of insulin and epinephrine include claims that the phos- 
phorus leaving the plasma enters the erythrocytes (8, 9), muscle (10), or 
liver. 

When careful attention is paid to changes in the volume of cells in the 
blood, there appears to be little or no evidence that the inorganic P leaving 
the plasma is to be accounted for by an increase of organic acid-soluble P 
in the erythrocytes (Kerr (11); also Guest, unpublished studies). 

The claim that the decrease in inorganic P in the plasma following the 
injection of insulin could be attributed to an increase of the total acid- 
soluble P in the muscles (10) was not supported by the results of later in- 
vestigations (12, 13). More definite conclusions with reference to the up- 
take of phosphorus by the muscles can scarcely be reached now, because the 
muscles contain in the acid-soluble form approximately 100 times the 
amount of inorganic P that is in the blood. Even if all the inorganie P 
of the plasma were transferred to the muscles, the resultant change in con- 
centration of acid-soluble P in the muscles would be below the limits of 
measurement by analytical methods available today. Changes found in 
one of the fractions of the acid-soluble phosphorus in the muscles would not 
be evidence of such a process in the face of constant values for the total 
acid-soluble P. 

Our data indicate that increases of acid-soluble P found in the livers of 
rats following the injection of insulin were approximately equal to the 
decrease of inorganic P in the extracellular fluid.2. Such findings suggest 


? The average concentration of inorganic P in the plasma of the control rats was 
5.93 mg. per 100 ce., and 4.27 mg. per 100 ec. in the plasma of the rats treated with 
insulin, a fall of 1.66 mg. per 100 ce. Assuming that the extracellular fluid amounts 
to 30 ec. per 100 gm. of rat, the amount of phosphorus that disappeared from the 
extracellular fluid was calculated to be 1.66 XK 0.30 = 0.50 mg. of P per 100 gm. of rat. 
In our fasted animals the liver weighed 2.8 gm. per 100 gm. of rat and the acid-soluble 
phosphorus increased by 15.2 mg. per 100 gm. of liver. From this the amount of 
phosphorus taken up by the liver was calculated to be 0.43 mg. per 100 gm. of rat, 
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that insulin influences the level of inorganic P in the blood plasma at least 
in part through its effeet on the liver. 

‘To what extent the effects of insulin, glucose, and epinephrine are inter- 
dependent remains a subject for further speculation. It has been sug- 
gested (12) that the effect of insulin on the plasma P was mediated by 
epinephrine, since increases in hexose monophosphate in muscle appeared to 
be due exclusively to epinephrine (14, 15). This suggestion seems to be 
untenable, however, because epinephrine fails to produce a drop of plasma 
P in depancreatized animals (8, 16) and because epinephrine does not pro- 
duce any significant increase of liver phosphate in the normal animal. The 
fact that the plasma P does not decrease when epinephrine is given to 
depancreatized animals constitutes indirect evidence that insulin plays a 
réle in the effect of epinephrine on plasma P in normal animals. The de- 
erease of plasma P that follows the injection of epinephrine in normal ani- 
mals might be thought to be produced by a reflex insulin secretion, but our 
data on the effect of epinephrine do not show the increase of total acid- 
soluble P in the liver that would be expected if this were true. It is of 
course possible that plasma phosphorus enters muscle following the injec- 
tion of epinephrine. It has been suggested (17) that one of the effects of 
epinephrine is to cause a shift of plasma potassium into the muscle; if so, 
there might be a concomitant shift of phosphorus. However, it is not clear 
how the absence of insulin (7.e., panereatectomy or diabetes) might modify 
such a mechanism. 

When insulin is administered with glucose to normal animals, a greater 
decrease of plasma inorganic P is observed than with either alone (18). 
The findings of Fenn (19) suggest the possibility that rapid glycogen 
deposition brought about by the administration of glucose entails a with- 
drawal of inorganic P from the blood plasma. Such a mechanism may 
supplement the insulin effect. 


SUMMARY 


Insulin appears to cause a decrease of inorganic phosphorus in the blood 
plasma in part through its action on the liver. 

Following the injection of insulin in fed and fasted rats the concentra- 
tions of inorganic and organic acid-soluble phosphorus in their livers 
increased. 

Injections of epinephrine in fasted rats were followed by little if any 





representing 86 per cent of that which disappeared from the extracellular fluid. It 
is of course possible that changes in the balance between the liberation and excretion 
of waste inorganic phosphate and movements of phosphate between various organs 
may occur under the influence of insulin; such changes are difficult to evaluate. 
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significant change in the distribution of acid-soluble phosphorus in the 
livers. 

In the livers of rats fasted 16 to 18 hours the inorganic phosphorus in- 
creased without significant change of the total acid-soluble phosphorus, 
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THE BEHAVIOR OF LIPIDS DURING AUTOLYSIS OF LIVER 
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The apparent similarity between the process of fatty infiltration or 
degeneration in vivo and the appearance of fat droplets in tissue cells during 
sterile incubation in vitro, first noted by Hauser (1) in 1886, stimulated 
numerous biochemical and histological studies of the behavior of lipids 
during autolysis. About the same time Kraus (2) found that the quantity 
of ether-extractable material in liver did not change during 2 to 4 weeks 
incubation, but in subsequent investigations (3-18) of total lipids or fatty 
acids highly conflicting results were obtained. The fate of cholesterol 
during autolysis of tissues is equally uncertain. Different investigators 
(4, 15, 19-27) found increases, interpreted to be the result of synthesis, 
decreases, considered to represent degradation, or no change in the quan- 
tity of cholesterol or of the unsaponifiable fraction. Artom (24) observed 
large increases or decreases which he related to the state of nutrition of the 
animal from which the tissue was taken for autolysis. In most of these 
investigations sterile, minced tissue, usually liver, was incubated at body 
temperature, with analysis of aliquots for total lipids or cholesterol at the 
start of, and at varying intervals during the autolysis. 

In the present study it was shown that no synthesis or destruction of 
cholesterol occurs during autolysis of intact slices or pieces of liver. How- 
ever, there is a large increase in the percentage of cholesterol in dry tissue. 
This result, which was observed in the course of a study of cholesterol 
esterase (28), at first appeared to support the contention of several workers 
(4, 21-24) that autolyzing liver has the ability to synthesize cholesterol; 
but this is not the correct explanation. There is no increase in the total 
quantity of cholesterol; the concentration increases because a large decrease 
in the dry weight of the tissue is not accompanied by an equivalent de- 
crease in the amount of cholesterol. On the contrary most or all of the 
¢olesterol originally present is retained in the pieces of liver which survive 
incubation. The same process was probably responsible for the finding by 


*A preliminary report of this investigation was presented before the American 
Chemical Society at St. Louis, April, 1941. 
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Waldvogel (4) and by Garnier and Sabaréanu (5) of an increase in per- 
centage of lipids during incubation of pieces of liver. 

In contrast with the behavior of cholesterol there is a definite decrease 
in the total amount of phospholipids in pieces of liver during autolysis, 
probably as a result of the decomposition which previous investigators, 
with one exception (29), found (30-32) to accompany autolysis of minced 
tissues. However, this decrease in quantity is proportionally less than the 
decrease in dry weight of tissue, with the result that the concentration in- 
creases; phospholipids, like cholesterol, are retained and concentrated in 
the intact pieces of liver which survive autolysis. 

A similar process could not be demonstrated in brain during incubation 
for 1 day. It is sometimes stated that nervous tissue does not autolyze 
(33), but there is considerable evidence (34-38) to show that it does so at 
an appreciable rate. It is possible that the period of incubation employed 
in the present investigation was too short, but Trzebinski (36) reported 
histological changes in spinal cord after autolysis for only 4 to 6 hours and 
Soula (37) found up to 20 per cent autolysis of brain, as measured by pro- 
teolysis, in 1 day. 


EXPERIMENTAL 


Procedure with Liver Slices—Normal, adult rats were killed by deeapita- 
tion and the blood was drained as completely as possible. The liver was 
removed immediately and sliced with a razor blade; the slices were washed 
with four portions of Tyrode’s solution. Control slices were blotted on 
hard filter paper, weighed into dry 5 cc. volumetric flasks, boiled with 
alcohol-acetone (1:1), and analyzed for cholesterol by the method of 
Schoenheimer and Sperry (39) as modified by Sperry (40). Experimental 
slices were incubated in test-tubes for 1 or 2 days in an excess of Tyrode’s 
solution containing 0.0001 per cent sodium ethyl mercurithiosalicylate as 
a preservative. They were then rinsed to remove the adherent débris, 
which formed in copious amounts, blotted, weighed, and analyzed in the 
same way. Dry weight was calculated from determinations of water 
content in replicate control and experimental samples which were dried to 
constant weight at 110-115°. 

In seven series of from four to nine replicate determinations of cholesterol 
(thirty-seven in all) by this procedure the standard deviation of the per- 
centage deviation from the mean was 4.12 per cent. That incompleteness 
of extraction was not responsible for this relatively high error was shown in 
two ways. (a) The residues from nine such extractions of fresh liver slices 
were dissolved in alcoholic potassium hydroxide and analyzed after neutral- 
ization with alcoholic hydrochloric acid. A negligible quantity of cho- 
lesterol was found. (b) Replicate samples were analyzed by the extraction 
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method and by the procedure described under (a). In thirteen such com- 
paris.ns the average cholesterol concentration found by extraction was 
0.199 per cent and by the procedure involving solution in alkali, 0.194 per 
ent. At the time most of the experiments with liver slices were carried out 
it was not realized that they take up considerable quantities of water from 
‘physiological’’ saline solutions (41). Since replicate samples remained in 
Tyrode’s solution for variable periods before incubation or analysis, this 
factor probably accounts in large part for the relatively high variability. 

Experiments with Liver Slices'—In four experiments carried out in quad- 
nplicate or quintuplicate the concentration of cholesterol in liver slices in- 
reased from 0.84, 0.93, 0.96, and 0.78 to 1.20, 1.59, 1.90, and 1.69 per cent 
dry weight respectively during incubation for 1 day. That this result, 
which was obtained consistently on incubation of slices or pieces of liver 
‘Table I), did not represent cholesterol synthesis was shown by incubating 
weighed slices in 5 ec. volumetric flasks and analyzing the entire contents. 
The average percentage of cholesterol in five control samples was 0.188 and 
in five incubated samples, 0.194 (on the basis of the fresh weight). In this 
experiment it was possible to add enough Tyrode’s solution barely to cover 








the slices, as more would have interfered with the analysis. Hence weighed 
slices were incubated in centrifuge tubes (high speed, International 
Equipment Company) under an excess of solution. The slices and débris 
were isolated by centrifuging, dissolved in alcoholic alkali, transferred to 
volumetric flasks, neutralized, and analyzed. The average percentage of 
cholesterol in four control samples was 0.212 and in four incubated samples, 
0.210. This experiment was repeated with liver sliced in a moist box and 
weighed for analysis or incubation without contact with a solution (41). 
The recovery of cholesterol in the centrifuged slices and débris after 2 days 
incubation averaged 97 per cent in six samples from two livers. 

To obtain a more complete picture of the process by which the concentra- 
tion of cholesterol increases during autolysis of liver slices, balance experi- 
ments (Experiments | and 2, Table I) were carried out in quadruplicate and 
triplicate respectively. In Experiment 1 the slices were washed as de- 
scribed above, blotted, and weighed into centrifuge tubes in which they 
were incubated in an excess of Tyrode’s solution; in Experiment 2 the liver 
was sliced and the control and experimental slices were weighed without 
contact with a solution (41). After incubation the intact slices were rinsed 
and analyzed as described. The débris was isolated from the supernatant 
solution and rinsings by centrifuging, and analyzed separately. The choles- 
terol represented by the decreases of 6 and 12 per cent respectively in the 


! Most of the experiments with tissue slices were carried out in the Chemical 
Laboratory of the Babies Hospital with the aid of a grant from the Carnegie Cor- 
poration of New York. 
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content of the slices (Table I) was recovered quantitatively in the débris. 
In Experiment 2 the total recovery in slices and débris was 99.2, 102.2, 
and 98.6 per cent in the three replicate samples respectively. 

Procedure with Pieces of Liver—In certain of our experiments (Nos. 3 to 
8, Table I) the liver was cut into pieces weighing from 0.5 to 1.0 gm. in 
order to reduce the amount of surface and to prevent to some extent the 


TaBLe | 
Behavior of Cholesterol during Autolysis of Liver 


Exper- : er in Dry weight of sample Total cholesterol in sample 
— cedure* Time - > — 
= Start End Start End Decrease Start End _ Decreaset 
days per ceni per cent meg. me. per cent me. mg. wen 
1 A 1 0.78 1.61 83 38 54 0.65 | 0.61 6 
2 " 2 0.87 1.42 58 31 47 0.50 | 0.44) 12 
3 B 4 0.76 | 1.83 | 486 189 61 3.69 | 3.46 | 6 
! 1 0.72 1.31 | 1227 674 45 8.83 | 8.83 | 0 
5 I 0.75 1.18 | 1259 814 35 9.44 | 9.61 | -2 
6 v l 0.74 1.31 | 1076 602 44 7.96 | 7.89 1 
7 1 0.75 | 1.15 | 1026 653 36 7.70 | 7.51 | 2 
8 1 0.76 1.26 | 1015 625 38 7.71 | 7.88 | —2 
ot C 4 | 0.90 | 1.37 | 249 | 159 | 36 | 2.24] 2.18 | 3 
10t 4 0.90 1.39 177 113 36 1.59 | 1.57 1 
ll e 2 0.81 1.07 | 297 209 30 | 2.41 | 2.24 7 
12 D { 0.77 | 1.14 | 302 204 32 | 2.33 | 2.33 0 
13 “ 2 | 0.74 | 1.06 | 488 | 282 | 36 | 3.24 | 2.98 8 
14 5 | 0.77 | 1.18 | 310 | 208 | 35 | 2.39 | 2.40 0 
15 r 0.74 | 1.16 | 521 313 40 3.86 | 3.63 6 
16 3 0.74 1.00 | 362 258 | 29 | 2.68 | 2.58 4 
17 iD 2 1.02 1.43 | 206 192 | 35 | 3.02 | 2.75 9 
18 ee 2 0.73 1.38 342 198 42 | 2.50 | 2.73 | -9 
19 a 1 0.65 1.15 | 332 185 44 2.16 | 2.13 1 
20 ? 3 0.69 1.39 | 222 142 36 1.53 | 1.97 |-29 











*Procedure A, slices in Tyrode’s solution; Procedure B, pieces in 0.9 per cent 
sodium chloride solution; Procedure C, pieces with nothing added; Procedure D, 
pieces in rubber bags in abdominal cavity; Procedure E, pieces in abdominal cavity. 

+ A minus sign designates an increase. 

t These two experiments were carried out on different samples from the same rat. 


formation of débris, which was extensive with the liver slices. The liver 
pieces were incubated in 0.9 per cent sodium chloride solution containing 
sodium ethyl mercurithiosalicylate, rinsed, blotted, and weighed in the 
same manner as the liver slices. 

For comparison with this technique in another series of experiments (Nos. 
9 to 16, Table I) pieces of liver were removed under sterile conditions and 
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incubated at 38° in dry sterile tubes or placed in sterile rubber finger cots 
and returned to the abdominal cavity of the rat, which served as an in- 
cubator (see below). In no case was there any evidence of bacterial growth. 
After the pieces had been incubated for the desired length of time they were 
removed from the fluid and débris which formed, and treated as mentioned 
above. 

For determination of cholesterol, control and incubated pieces of liver 
were minced and analyzed in duplicate with the aid of a small sampling tube 
with a plunger as described in a former paper (40). In 78 such determina- 
tions the standard deviation of the percentage deviation from the mean 
was 1.73 per cent. From the weights of the samples before and after incu- 
bation and the percentages of water, determined by drying aliquots of the 
minced tissue in an oven, the decrease in dry weight (Table I) was cal- 
culated. 

Experiments with Pieces of Liver—In all of the experiments (Nos. 3 to 
16, Table I) carried out with the techniques described in the preceding 
section most or all of the cholesterol was retained in the pieces of liver 
despite a large decrease in the dry weight of the liver. Although the 
formation of débris appeared to be proportionally less than in the experi- 
ments with slices, it was still large. Microscopic examination of incubated 
tissue showed large numbers of intact or partially disintegrated cells which 
were either free or loosely attached at the periphery; the débris was pre- 
sumably composed of such disintegrated tissue. Since most of the cho- 
lesterol originally present was found in the intact pieces of liver, the 
cholesterol of the disintegrated cells apparently had been adsorbed in some 
way by the remaining tissue. 

Histological Studies—In an attempt to determine whether cholesterol is 
thus adsorbed one of us (W. M. C.) carried out histological studies of slices 
and pieces of liver which had been incubated in saline solution side by side 
with the experimental samples. The findings having a bearing on the 
interpretation of the biochemical results were (a) considerable disintegra- 
tion along the periphery, (b) considerable shrinkage in size of the paren- 
chyma cells with an associated enlargement of sinusoidal spaces, (c) little 
evidence of destruction of cells except at the periphery, (d) a marked in- 
crease in intra- and intercellular globules staining with osmic acid, scarlet 
red, and other fat stains, particularly in the sinusoidal blood spaces, and 
(e) the presence of many small, needle-shaped, anisotropic crystals, some of 
which took fat stains, throughout the tissue, both within and outside the 
cells. Most of these changes have been reported by one or more of the 
investigators (1, 4, 21, 42-46) who have studied autolyzed tissue under the 
microscope. Attempts to visualize cholesterol by Schultz’s method 
(sulfuric and acetic acids on frozen sections) or with digitonin met with 
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failure. Crystals which were probably cholesterol digitonide were seen, 
but it was impossible to differentiate them with certainty from the crystals 
mentioned above. The presence of needle-shaped crystals in autolyzed 
liver was noted by Hauser (1), who called them “fat” crystals without ex- 
planation, and by Aschoff (quoted by Waldvogel (4)). They do not seem 
to have been studied further and their nature is not known. 

Experiments in Vivo—Borger et al. (47) showed that the process occurring 
in artificial tissue infarcts, such as the ligated kidney, is quite different from 
that of autolysis. After a few hours the infarcted tissue becomes alkaline 
instead of acid, and the lactie acid and ammonia concentrations are not 
elevated as in autolyzing tissue. Severed kidneys placed in the abdominal 
cavity are subject to the same changes as ligated kidneys. However, if a 
non-permeable rubber membrane is tied around the kidney, it autolyzes as 
in the incubator in vitro. 

It was of interest to study the behavior of lipids under the foregoing con- 
ditions. With sterile technique laparotomy was performed in rats under 
ether anesthesia and the pedicle of one of the large lobes of the liver was 
ligated with a thick soft cord. The entire lobe was severed and divided 
along the anterior-posterior axis into two approximately equal portions, of 
which one was analyzed as a control and the other weighed on a sterile 
watch-glass and returned to the lower part of the abdominal cavity. The 
incision was closed. After 1 to 4 days the rat was killed and the piece of 
liver was removed, blotted on filter paper, weighed, and analyzed as before. 
The results (Experiments 17 to 20, Table I) show the same retention of 
cholesterol found in autolyzed liver. The increase in cholesterol content in 
Experiment 20 may have been the result of absorption of cholesterol from 
abdominal fluids. 

A portion of the minced tissue was suspended in a little water and the 
pH was determined with the glass electrode. The values ranged from 
7.8 to 8.3 in confirmation of Borger’s (47) finding. With the same tech- 
nique the pH of the control liver samples ranged from 6.6 to 6.8. 

In another series of experiments (Nos. 12 to 16, Table 1) the procedure 
was exactly the same except that the piece of liver was tied firmly in a 
sterile rubber finger cot before it was returned to the abdominal cavity (see 
above). The pH ranged from 5.0 to 6.1 in these experiments. 

Behavior of Phospholipids in Autolyzing Liver—In some of the foregoing 
experiments, in which pieces of liver autolyzed in 0.9 per cent sodium chlo- 
ride solution, phospholipids were also determined (Table II). Duplicate or 
triplicate samples of minced liver (control and autolyzed) were boiled with 
alcohol-ether (3:1) in volumetric flasks and phosphorus was determined in 
aliquots of the filtrates by a micro modification (48) of the method of Fiske 
and Subbarow (49). Phospholipid was assumed to be 25 times the phos- 
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TABLE II 


Behavior of Phospholipids during Autolysis of Liver 
Liver was incubated 1 day in 0.9 per cent sodium chloride. 





Phospholipid in dry liver 


Dry weight of sample 


Total phospholipid in sample 








Experiment | a Aa 

san Start End Start End Decrease Start End Decrease 
per cent per cent mg. mg per cent mg. mg. per ceni 

5 11.2 16.3 1227 674 45 137 110 20 

6 11.4 14.0 1259 814 35 144 14 | 21 

7 12.7 15.5 1076 602 44 137 93 32 

8 11.6 13.3 1026 653 36 119 87 27 

9 12.4 15.2 1015 625 38 126 95 25 

32 12.5 15.4 1149 657 43 144 +101 30 

Taste III 


Brain was incubated 1 day in 0.9 per cent sodium chloride. 


Cholesterol in dry brain 


Behavior of Cholesterol during Autolysis of Brain 


Dry weight of sample 


Total cholesterol in sample 


Experiment i i? SEE 
att Start End Start End Decrease Start End Decrease 
per cent per cent mg. meg. per cent mg. | még. per cent 

6* 10.2 10.2 247 228 8 25.2 | 23.3 8 

7 8.1 7.8 | 225 | 204 9 18.2 | 15.9 13 

8 8.1 7.8 | 234 | 228 3 19.0 | 17.8 6 

31t 9.4 9.9 522 | 481 8 49.1 | 47.6 3 





* The percentage of water determined in the control sample (63.4) was obviously 
inerror. The average value obtained in the other experiments (75.1) was used in 
calculating the data. 

+t Two brains were pooled in this experiment. 


TaBLe IV 
Behavior of Phospholipids during Autolysis of Brain 


Brain was incubated 1 day in 0.9 per cent sodium chloride. 


Phospholipid in dry brain! 


Dry weight of sample 


Total phospholipid in sample 








net ‘ i it gi Sm 
-— Start End Start End Decrease Start End __— Decrease 
per cent per cent mg. mg. per cent mg. mg. per cent 
6* 23.4 22.6 247 228 8 58 52 10 
7 22.5 22.7 225 204 9 51 46 10 
8 23.6 21.7 234 228 3 55 49 11 
31t 24.2 23.1 522 481 8 126 lll 12 
32t 24.2 24.1 407 393 3 98 95 | 3 


} 
| ! } 


* Cf. foot-note to Experiment 6, Table III. 
t Two brains were pooled in these experiments. 
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phorus. The standard deviation of the percentage deviation from the 
mean was 2.37 per cent in thirty-six such determinations. 

Behavior of Cholesterol and Phospholipids during Autolysis of Brain—Rat 
brains were divided along the mid-line into two parts as nearly equal as 
possible. One was weighed, incubated in 0.9 per cent sodium chloride for 
1 day, turned over on filter paper to remove excess fluid, reweighed, ground 
up to a paste in a mortar, and analyzed for cholesterol, phospholipids, and 
water as described for liver. The other part was analyzed in the same way 
as a control immediately after removal from the animal. It was stated (40) 
that the procedure proposed for cholesterol determination in the liver is not 
applicable to brain, but it was found later that fairly good results can be 
obtained if the brain is thoroughly ground toa paste. The standard devia- 
tion of the percentage deviation from the mean in eighteen duplicate de- 
terminations was 2.90 per cent for cholesterol and 2.02 per cent for phos- 
pholipid. 

The results (Tables III and IV) give no indication of a process in brain 
like that found in liver. The small decreases in dry weight and in the 
lipids were of the same order of magnitude in most experiments and were 
probably for the most part mechanical, as some tissue adhered to the filter 
paper in removing the excess fluid. Another source of error was the im- 
possibility of dividing the various structures of the brain, which differ con- 
siderably among themselves in lipid and water concentration, into exactly 
equal parts. 

DISCUSSION 


In this investigation we have demonstrated conclusively that cholesterol 
is neither synthesized nor destroyed during autolysis of slices or pieces of 
liver. This result is in apparent disagreement with the findings of previous 
investigators (21-27) who reported large increases or decreases in the 
cholesterol content of minced tissues during incubation. It is unlikely, 
though possible, that preparations in which the cells are largely destroyed 
can carry out reactions which the intact liver is unable to accomplish. 

The finding that cholesterol is retained in slices or pieces of liver, even 
though a large part of the tissue solids is lost in the process of autolysis, is 
explained most simply by the assumption that as the protein of the liver is 
broken down and the soluble end-products diffuse out, the insoluble cho- 
lesterol remains behind. The shrinkage and the lack of destruction of liver 
cells, except at the periphery, are in accord with this hypothesis. The pos- 
sibility remains that cholesterol set free during the disintegration of tissue at 
the periphery, a process which appears microscopically to be of considerable 
magnitude, is adsorbed by the intact tissue. 

Artom (30) found an average decrease in phospholipids of 33 per cent 
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during incubation of minced liver for 1 day. Since the decrease was no 
larger in the present study (average 26 per cent, Table IT) it may be deduced 
that no undissociated phospholipid diffused from the pieces of liver. Re- 
cently Chaikoff et al. (50) reported a decomposition of about 30 per cent of 
the phospholipids of liver slices in 6 hours. The close agreement of this 
result with those of Artom and ourselves after incubation for 1 day suggests 
that autolytic breakdown of phospholipid in liver goes to completion within 
6 hours. The fat-staining globules, which appeared, particularly in the 
sinusoidal blood spaces, may have represented the end-products of phos- 
pholipid decomposition. 


SUMMARY 


Cholesterol is neither synthesized nor destroyed during sterile incubation 
of slices or pieces of rat liver for 1 to 4 days, either in saline solution or with 
nothing added. 

Although a large loss of tissue solids occurs during autolysis of liver, most 
or all of the cholesterol originally present is retained in the intact tissue, with 
a resulting marked increase in concentration. The mechanism of this 
process is discussed. 

Cholesterol is concentrated in the same way in severed pieces of liver left 
free in the abdominal cavity. 

There is a considerable decomposition of phospholipids in autolyzing 
liver, but this is proportionally less than the decrease in dry weight of tissue, 
with the result that phospholipids, like cholesterol, are concentrated in the 
intact pieces of liver which survive autolysis. 

No significant changes in cholesterol or phospholipids occurred in brain 
during incubation for 1 day. 

Histological changes in autolyzed liver are described briefly. 


The authors are indebted to Professor Edgar G. Miller, Jr., for helpful 
advice. 
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Previous work has indicated the close relationship between the plasma 
phosphatase activity and the fat metabolism of normal albino rats (1). 
The change in plasma phosphatase activity of rats was found to be spe- 
cifically connected with the ingestion of certain unsaturated fatty acids (1). 
The extension of our experiments to rats in which fat resorption was 
inhibited by the obstruction of the bile duct should be, therefore, of value 
to the better understanding of this complex mechanism. 


EXPERIMENTAL 


The plasma phosphatase determinations were carried out as described 
in our previous papers (1, 2). Only the full activities (with Mg) are given, 
since the initial activities (without Mg) run parallel to these. 

Ultramicromethod for Determination of Blood and Plasma Phospholipids 
(Alcohol-Ether-Soluble)— For the determination of blood and plasma phos- 
pholipids the method of Boyd (3) was modified to permit estimations in 
4¢.mm. of blood or 8 ¢.mm. of plasma. The few drops of blood necessary 
for the determination were taken from the tail of the rat and handled as 
previously described (1). Micro test-tubes (25 mm. long and 4 mm. inside 
diameter) containing 200 c.mm. of alcohol-ether mixture (3 parts of 95 per 
cent alcohol to 1 part of ether) were immersed in ice, then 8 c.mm. of 
plasma or 4 ¢.mm. of whole blood were added with a capillary pipette, and 
the tubes were closed with rubber caps. The mixing of the blood samples 
in the solvent was carried out by means of small glass beads, filled with 
iron powder, magnetically agitated (4). To complete the extraction of 
the phospholipids a shaking device was constructed. 

The micro test-tubes containing the blood samples and solvent were 
uncapped and placed in the holes of a brass disk 7 cm. in diameter, the 
tubes resting on a rubber cushion. The upper disk, covered on the under 
side with a sheet of synthetic rubber } inch thick (purchased from the 
Anchor Packing Company, Philadelphia, No. 6900), was tightly serewed 
over the openings of the micro test-tubes. Synthetic rubber had the 
advantage of being insoluble in the solvent used for extraction. The 
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shaking device was mounted at an angle of 45° and attached to a phono- 
graph motor turned to a horizontal position (50 R.p.M.) During rotation, 
the alternating movements of the air bubble above the solvent and the 
stirring bead effected a thorough mixing. Half an hour was found suffi- 
cient for complete extraction. A longer extraction period did not increase 
the phospholipid content of the solvent but for the sake of safety a 1 hour 
extraction period was used in all experiments. 

After the extraction period the micro test-tubes were removed, closed 
with rubber caps, and centrifuged. 50 to 150 c.mm. of the supernatant 
solvent, depending on the phospholipid content of the extract, were trans- 
ferred to a clean test-tube (35 mm. long and 3.5 mm. inside diameter). 
In evaporating such a small amount of solvent, care must be taken that no 
loss occurs Owing to vigorous boiling and that the residue remains col- 
lected at the bottom of the test-tube. For this purpose the micro test- 
tubes containing the aleohol-ether extract were placed in holes bored in a 
copper block (5 mm. deep), and the latter was placed on an electric hot- 
plate, the temperature of which could be regulated and read by means of 
a thermometer inserted in a horizontal bore of the block. The whole 
arrangement was covered with a glass funnel to prevent contamination 
by dust. 

The temperature first was raised to 60°, which permitted a relatively 
rapid evaporation without actual boiling. The vaporized solvent con- 
densed on the walls of the micro test-tubes and redissolved any lipids which 
coated the tubes during evaporation. With this procedure it was possible 
to collect the lipids at the bottom of the test-tubes. After about 1 hour 
the temperature was raised to 70°, in another hour to 80°, and as soon as 
the tubes were dry to 140° to drive out all traces of solvent, the time 
required for the whole procedure being about 5 to 6 hours. After cooling, 
5 e.mm. of 70 per cent perchloric acid were pipetted into the tubes contain- 
ing the dry lipid residue and heated to 200° on the copper block until the 
reaction mixture was clear, indicating that oxidation was complete. The 
time required for the oxidation was about 30 minutes. The volume of 
perchloric acid lost during the heating period was negligible. The reaction 
mixture after cooling was now ready for the colorimetric determination 
of phosphorus. 

After the addition of 15 c.mm. of distilled water, the color was developed 
by adding 7 c.mm. of 5 per cent ammonium molybdate (made up without 
sulfuric acid because of the perchloric acid already present in the reaction 
mixture) and 5 ¢.mm. of aminonaphtholsulfonic acid solution, as described 
in our previous paper, and the comparison of colors was carried out as 
before (1). The standard phosphate solutions contained the same amount 
of perchloric acid as the test determination. The phosphorus values found 
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in this way were converted into phospholipids in the form of “lecithin” 
by multiplying with the factor of 26, and were calculated to micro- 
grams per 100 ¢.mm. of blood or plasma. 

To check the accuracy of the above method, 150 ¢.mm. of ether solution 
containing various amounts of cephalin were treated as described above. 
The results obtained are presented in Table I. 

Plasma Phosphatase Activity in Rats with Obstructive Jaundice—Jaundice 
was produced by ligation of the bile duct. Adult rats were anesthetized 
with sodium amytal and ether. A median incision was begun about 1 em. 
anterior to the xiphoid and extended down 3 to 4 cm. The median and 
the left lobes of the liver were held back with blunt forceps to expose the 
bile duct. A curved needle threaded with silk was introduced under the 
duct about 1 em. from the point where it joined the duodenum and tied. 


TaBie I 
Recovery of Cephalin Phosphorus by Ultramicromethod 





P added, ¥ 
0.2 | 0.3 04 os 0.6 07 
P found, y 
0.20 0.32 0.44 0.50 0.60 0.68 
0.18 0.30 0.40 0.50 | 0.58 0.72 
0.20 0.32 0.42 0.48 | 0.58 0.70 
0.20 0.28 0.40 0.48 0.58 0.66 
Average... ..0.195 0.30 0.415 0.49 0.585 | 0.69 
% recovery 97.5 100.0 103.0 98.0 97.5 | 98.5 


The incision was closed with two layers of silk sutures. In the control 
operations the silk was simply passed under the bile duct without ligating it. 

The rats with ligated bile ducts developed jaundice during the 1st day 
as indicated by the yellow color of the urine, plasma, paws, and ears. In 
most cases, however, after intervals of 4 to 8 days visible, new bile ducts 
were formed and the symptoms of jaundice gradually disappeared, al- 
though postmortem examination showed the original duct to be greatly 
distended. The formation of new bile ducts in rats was demonstrated by 
histological studies of the liver, and was also manifested in the return to 
the normal level of the plasma phosphatase activity and phospholipid 
content of the blood. 

Changes in plasma phosphatase activity during jaundice have been 
widely investigated. In most cases of obstructive jaundice an increase 
in the plasma phosphatase activity was noted (5-11); in cats, however, no 
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significant changes were observed (12, 13). In our experiments on jaun- 
diced rats fed on Purina dog chow the plasma phosphatase activity dropped 
markedly as early as 1 day after the operation. The phosphatase level 
remained low over a period of 6 to 8 days, after which the enzyme activity 
increased rapidly and rose above the postoperative level and then gradu- 
ally returned to normal. While the sudden drop in plasma phosphatase 
activity resulted from obstruction of the bile ducts, the rise which followed 
was associated with the functioning of new bile ducts, as indicated by the 
disappearance of jaundice symptoms and by postmortem examinations, 
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Fic. | Fig. 2 
Fic. 1. Plasma phosphatase activity in rats with obstructive jaundice. @—- 
-@ control rats, O O rats with ligated bile ducts fed on Purina dog 
chow, O - - - - - -O rats with ligated bile duets fed on Purina dog chow plus ox bile. 
Fic. 2. Blood phospholipids in. rats with obstructive jaundice. O - - ----0O 
control rats, O —O rats with ligated bile ducts fed on Purina dog chow, 
X ------ < rats with ligated bile ducts fed on Purina dog chow plus ox bile. 


Fig. 1 presents the results obtained and shows that the control operation 
did not produce any significant changes in the plasma phosphatase activity. 

When 3 per cent of ox bile (Eli Lilly and Company, powdered extract 
No. 88) was added to the Purina dog chow diet and given to rats with 
ligated bile ducts, only a very slight drop in plasma phosphatase activity 
was observed. Since control operations on rats produced similar effects, 
the observed slight decrease can be attributed to secondary influences. 
After the 3rd day a marked rise in the enzyme activity occurred. The 
symptoms of severe jaundice persisted for a period of 6 days, then de- 
creased. Postmortem examinations showed that the originally ligated 
bile duct was greatly distended but new bile ducts were formed. The 
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results obtained are included in Fig. 1. The ox bile preparation used in 
these experiments showed no phosphatase activity even when tested over 
a period of 30 hours at 37°. 

Phospholipids of Whole Blood and Plasma in Rats with Ligated Bile 
Ducts—The phospholipids of whole blood were greatly increased in rats 
with ligated bile ducts. This increase, which reached its maximum in 3 to 
7 days, was followed by a gradual decrease owing to the new bile duct 
formation. The results, graphically presented in Fig. 2, show the contrast 
between the values obtained on control rats, which were practically con- 
stant during the experimental period, and those observed on the rats with 
ligated ducts. Chanutin and Ludewig (14) also observed an increase of 
phospholipids in rats with obstructive jaundice. 
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Fic. 3. Distribution of phospholipids between blood cells and plasma in 100 


e.mm. of whole blood, 


The addition of 3 per cent ox bile to the Purina dog chow fed to rats 
with ligated bile ducts did not prevent the rise in blood phospholipids, 
as is shown in Fig. 2. 

Fig. 3 shows the distribution of phospholipids between blood cells and 
plasma. For the determination of volume ratio of corpuscles and plasma, 
the blood was centrifuged in hematocrit tubes at 3000 r.p.m. until no change 
in volume was observed. Phospholipid was determined directly in whole 
blood and plasma and the content of the corpuscles was calculated. Fig. 3 
shows that the increase of phospholipids in the plasma is relatively higher 
than that of the blood cells, and also that the absolute value of phospho- 
lipids in blood cells is much higher than that of the plasma (15). 

Our experiments were extended to include the changes which occur in 
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the total lipid and phospholipid content of the liver and carcass of rats 
with obstructive jaundice. The liver and carcass were ground with sand 
(the carcass having first been passed through a meat grinder) and then 
extracted with 25 parts of alcohol-ether mixture (3:1). The extraction 
process was repeated three times for the carcass. The extracts were 
evaporated in a vacuum, and the residue taken up in chloroform and 
filtered. The total lipids were estimated by evaporating the chloroform 
extract and weighing the residue. The phospholipids were estimated by 
the method of King (16). Table II presents the results obtained on five 
control rats and on five jaundiced rats. The rats were sacrificed 6 days 
after the operation. As Table II indicates, no significant differences were 
observed in the total phospholipids of the liver of normal and jaundiced 
rats, while a marked decrease in the total lipid content of the carcass was 


TABLE II 


Total Lipid and Phospholipid Content of Liver and Carcass of Normal and 
Jaundiced Rats 


The results are expressed in per cent of wet tissue. 








Normal rats Jaundiced rats 

Rat No. Phospholipids Total lipids Rat No Phospholipids Total lipids ’ 
Liver Carcass Liver Carcass Liver Carcass Liver Carcass 

1 2.60 1.15 5.99 8.95 6 2.81 1.18 4.44 4.68 

2 2.80 1.04 5.55 7.50 7 2.88 1.01 4.96 5.05 
3 2.61 1.32 3.87 7.68 8 3.50 1.10 5.58 41.63 
4 3.21 1.26 4.17 8.02 9 2.71 1.06 1.63 4.12 
5 3.23 1.20 6.26 10.95 10 2.54 0.99 5.06 | 5.24 


noted in jaundiced rats. The phospholipid content of the carcass in 
jaundiced rats did not differ from that of normal rats. 
DISC USSION 

In our previous work it had been observed that the plasma _phos- 
phatase activity of rats was closely associated with the ingestion of certain 
unsaturated fatty acids (1). By preventing the bile from entering the 
intestinal tract, the resorption of fats is inhibited and as a result the plasma 
phosphatase activity decreases sharply. Ox bile added to the diet cor- 
rects this defect in resorption and practically eliminates the decrease in 
enzyme activity of the plasma. The fact that the plasma phosphatase 
activity does not decrease in rats with ligated bile duct on addition of ox 
bile to the diet, although the ox bile itself does not have this enzyme 
activity, would indicate that the phosphatase is not of biliary origin, but 
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comes from other sources when resorption is restored. These findings 
would also indicate that the sharp drop in the plasma phosphatase activity 
in jaundiced rats is not due to the inhibiting action of bile substances in 
the blood (17), since jaundiced rats fed on a diet containing ox bile de- 
veloped all the symptoms of severe jaundice without a lowering of the 
plasma phosphatase activity. The marked increase in plasma phos- 
phatase activity observed in most cases of obstructive jaundice in human 
patients and in dogs (5-11) supports this assumption. 

A remarkably sharp increase was found in the blood phospholipids in 
rats with ligated bile ducts. This rise was observed both in the blood cells 
and plasma and was not corrected by the addition of ox bile to the diet. 
The difference in response of plasma phosphatase and blood phospholipids 
of jaundiced rats to a diet containing ox bile, however, requires further 
investigation. 

Since fat resorption in the intestinal tract is impaired by the ligation of 
the bile duct, the great increase of blood phospholipids must be of internal 
origin. While no changes were observed in the total lipid and phospholipid 
content of the liver of normal and jaundiced rats, the total lipid content of 
the carcass of the jaundiced rats was markedly lower than that of the 
normal animals. It would appear that in the case of jaundiced rats in 
which the normal fat resorption is prevented the body mobilizes the depot 
fat and converts it into phospholipids. The marked accumulation of these 
compounds in the blood (which serves as a transport agent) may be due to 
that mobilization and partly to the faulty fat metabolism of the diseased 
animal.! The phospholipid content of the carcass was practically the same 
in both cases and may represent the essential components of the tissue 


cells (18). 


SUMMARY 

A marked decrease in the plasma phosphatase activity was observed in 
rats with ligated bile ducts. The subsequent return to normal was asso- 
ciated with new bile duct formation. 

The drop in plasma phosphatase activity in jaundiced rats was avoided 
when 3 per cent ox bile was added to the diet. 

An ultramicromethod for the determination of blood phospholipids was 
developed. 

A sharp increase in blood phospholipids was observed in jaundiced rats, 
followed by a gradual decline toward the normal as new bile ducts were 
formed. The increase in blood phospholipids in jaundiced animals was 
not eliminated by the addition of ox bile to the diet. 

The increase of blood phospholipids in the jaundiced rat occurs both in 


1 Greig, M. E., and Munro, M. P., private communication. 
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the blood cells and the plasma. The relative increase in the plasma was 
higher, although the absolute phospholipid content of the blood cells was 
much greater than that of the plasma. 

No significant difference was observed between the total lipid and phos- 
pholipid content of the liver of normal and of jaundiced rats. A marked 
drop in the total lipid content of the carcass of the jaundiced rat was found, 
The phospholipid concentration of the carcass of the normal and jaundiced 
rat showed no significant difference. 
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THE FRUIT OF PYRACANTHA ANGUSTIFOLIA: A PRACTICAL 
SOURCE OF PRO-y-CAROTENE AND PROLYCOPENE 


By L. ZECHMEISTER anv W. A. SCHROEDER 


(From the Gates and Crellin Laboratories of Chemistry,* California Institule 
of Technology, Pasadena) 


(Received for publication, April 13, 1942) 


While the generally known and wide-spread C4 carotenoids presumably 


| possess an all-trans configuration, two representatives of a stereochemically 


new class of naturally occurring polyenes were recently described (1, 2). 
Of the seven and six double bonds sterically available for trans-cis shifts, 
prolyeopene and pro-y-carotene contain 5-6 and 4-5 cis double bonds 
respectively. On addition of iodine to solutions of these compounds, the 
corresponding all-trans isomer is formed in each case together with minor 
stereoisomers. This becomes evident by an instantaneous shift in the 
spectra. After catalysis, the first maxima are located at 34 and 32 mu 
longer wave-length respectively than those of the original solutions.' 

Prolycopene, CyoHss, was first isolated from the tangerine tomato (a 
variety of Lycopersicum esculentum) in a yield of 20.6 mg. per kilo of fresh 
material (3). Much less satisfactory was the yield of pro-y-carotene, 
CywHs; viz., 0.3 mg. per kilo of fresh palm fruit (Butta capitata Becc.) (4). 
In the interests of further stereochemical work, a great variety of plant 
material was tested for “pro” carotenoids in our laboratory by means of 
extraction, chromatography, and iodine catalysis. 

As a result of these analyses, it has been found that the ripe fruit of 
Pyracantha (Cotoneaster) angustifolia Schneid. (Pomoideae) constitutes 
the only practical source of pro-y-carotene at the present time; 27.7 mg. 
were obtained in crystalline form from 1 kilo of air-dried berries (about 3 
kilos of fresh material). The same quantity also yielded 28.4 mg. of 
prolyecopene. Furthermore, a second member of the stereoisomeric series, 
lyeopene-prolycopene, was isolated (7.3 mg. of crystals) but we cannot 
claim with certainty that it is a natural product. 

Since all the pigments mentioned are hydrocarbons, the question arises 
whether the occurrence of “pro”? compounds in the vegetable kingdom is 
restricted to this type. A minor constituent of the Pyracantha pigment 
gave information on this point. Since its spectrum is identical with that 
of pro-y-carotene before and after the addition of iodine, both must 


* Contribution No. 880. 
! All spectral data refer to solutions in petroleum ether (b.p. 60-70°) unless other- 


wise indicated. 
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possess a similar chromophore. On the other hand, the behavior of the 
compound in the partition test and especially its increased adsorption 
affinity as compared with pro-y-carotene (and even y-carotene) prove the 
presence of a hydroxyl group. Because of the small quantities available, 
this monohydroxy pro-y-carotene has not yet been prepared in crystalline 
form. 

It should be noted that all “pro” compounds known at the present time 
possess at least one aliphatic end-group in their molecules. 


We wish to thank Dr. W. Hertrich, Curator of the Huntington Botanical 
Garden, for his courtesy, and Dr. G. Oppenheimer as well as Mr. G. Swine- 
hart for the microanalyses. 


EXPERIMENTAL 


The Pyracantha berries were picked in November and December in 
Southern California and dried in air at room temperature. On prolonged 
standing the yields diminish rapidly. 1 kilo of the air-dried material was 
coarsely ground in a mill, kept under peroxide-free ether for 3 hours, then 
filtered on a Buchner funnel, washed with ether, and treated once more in 
the same manner. The extract (4.5 liters) was saponified for a day by 
keeping it over concentrated methanolic potassium hydroxide. After 
addition of water the ether solution was washed alkali-free. (The dark 
wash water did not contain carotenoids.) The solution was dried rapidly 
with sodium sulfate and evaporated. In order to remove small quantities 
of ether which would disturb the subsequent adsorption, some petroleum 
ether was added and the evaporation repeated. 

The solution of the dark red, viscous residue in | liter of petroleum ether 
was chromatographed in a large percolator (45 X 20 X 8 cm.) on calcium 
hydroxide (Shell brand lime, chemical hydrate, 98 per cent passing through 
a 325 mesh screen). The chromatogram was developed with 5 liters of 
petroleum ether and then with the same solvent containing | per cent 
acetone. The complicated chromatogram was composed of three sections: 
(a) a strongly adsorbed, poorly differentiated top section (7 em. wide), (0) 
a main section (6 cm.) containing several orange and yellow zones including 
prolycopene and pro-y-carotene, and (c) the lowest section of the cone, 
occupied by large amounts of 8-carotene preceded and followed by some 
of its stereoisomers. This last section and the yellow, fluorescing filtrate 
were discarded. 

The percolator was inverted and the cone removed in one piece by tap- 
ping on the glass with the palm of the hand; the three sections were sepa- 
rated by cutting. 

Fractionation of Main Section—After elution with alcohol the pigments 
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were transferred to petroleum ether and developed on a calcium hydroxide 
column (28 X 7 cm.) with petroleum ether containing 2 per cent acetone. 
The chromatogram had the following appearance (the figures on the left 
denote the width of the zones). 


80 mm., several minor layers near top 

35 “ bright orange, prolycopene (470.5, 441 my) 

5 “ orange, traces 

12 “ yellow, unidentified Pigment 1 (464, 438 my) 

10 “ several minor layers 

50 4“ orange, pro-y-carotene (462, 432.5 my) 

10 “ yellow, unidentified Pigment 2 (457.5, 430.5 my) 
20 “ several minor layers 


The presence of pro-y-carotene and of prolycopene was detected by the 
addition of iodine to the respective solutions in a spectroscopic cell. By 
this catalysis intense new spectra appeared almost instantaneously (493, 
460 my» and 501.5, 470 my). 

Pro-y-carotene—This zone was rechromatographed and developed with 
petroleum ether containing 2 per cent acetone; the main component was 
eluted with ether. Upon evaporation of the ether in vacuo a dark red, 
crystalline residue remained. The latter was dissolved in the minimum 
amount of benzene at 20° and transferred into a 15 cc. centrifuge tube with 
a dropper. About 10 ce. of methanol were then added with stirring, first 
drop by drop until red crystals appeared, and later more rapidly. After 
standing in ice water for 4} hour, the crystals were centrifuged and washed 
with methanol in the same tube. After recrystallization from benzene and 
methanol, the vield was 25.1 mg. The mother liquor gave 2.6 mg. The 
total yield corresponds to 45 per cent of the pro-y-carotene content of 
Pyracantha as estimated photometrically. M.p., 121-122° (corrected) (after 
softening near 119°; the sealed tube was filled with CO,; the sample was 
introduced into the Berl block 20° below the melting point). The crystal 
form has been described (4). The partition behavior (petroleum ether-95 
per cent methanol) was epiphasic. A mixed chromatogram with pro-y- 
carotene from Butia capitata established the identity of the two samples. 
For the purpose of analysis the substance was dried at 50° in a high vacuum 
for 45 minutes. It was free of ash. 


Analysis—CyoHss. Calculated. C 89.48, H 10.52 
Found. ‘* 89.79, 89.94, * 10.55, 10.52 
Mol. wt. (in exaltone), calculated, 5387; found, 558 


The absorption maxima in carbon disulfide were 492.5, 459 my (after the 
addition of iodine, 529.5, 491.5 my); in benzene, 475.5, 446.5 my (with 
iodine, 506.5, 472 mu); and in petroleum ether, 462, 432.5 my, (with iodine, 
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493, 460 my). In all cases a slight shadow was observed at about 30 My 
longer wave-length than the first maximum. 

Prolycopene—This layer was cut out and rechromatographed. By de- 
veloping with petroleum ether containing 5 per cent acetone, minor layers 
were separated. The main pigment was then eluted and isolated as 
described for pro-y-carotene. A recrystallization was not carried out in 
this case. The yield was 28.4 mg.; 7.e., about 40 per cent of the quantity 
contained in the original extract as estimated photometrically. M.p,, 
110.5-111.5° (corrected). The shape of the crystals and their solubility 
corresponded with those of a sample from tangerine tomatoes. A mixed 
chromatogram showed no separation. In the partition test (petroleum 
ether-95 per cent methanol) epiphasic behavior was observed. For the 
purpose of analysis the sample was dried in a high vacuum at room tem- 
perature for 45 minutes. 

Analysis—C wHss 

Calculated. C 89.48, H 10.52 


Found. ** 89.39, “10.63 (corrected for 0.7 % ash) 
Mol. wt. (in exaltone), calculated, 537; found, 575 


The absorption maxima in carbon disulfide were 500, 468 my (with iodine, 
542.5, 502.5, 468.5 mu); in benzene, 482.5, 453 my (with iodine, 518.5, 
483, 452.5 mu); and in petroleum ether, 470.5, 441 my (with iodine, 501.5, 
469.5, 439.5 my). 

Minor Pigments—-The unidentified Pigment 1, after having been re- 
chromatographed, showed absorption maxima at 464.5, 435.5 my which 
were shifted on iodine catalysis to 469, 439 my. This equilibrium mixture 
when chromatographed and developed with petroleum ether containing 
5 per cent acetone separated into five layers; the spectrum of the main 
pigment, adsorbed near the top, was 471, 442 mu. 

The unidentified Pigment 2, after having been rechromatographed and 
treated with iodine, separated upon chromatographing into two isomers 
(458, 431 my and 454, 426 my respectively, from the top of the column) 
which gave identical spectra (457, 429 mu) on treatment with iodine. 

Fractionation of Top Section—The pigments were eluted with alcohol, 
trarsferred to petroleum ether, and developed on calcium hydroxide in a 
smaller percolator (30 X 11 X 6 em.) with the solvent mentioned con- 
taining 5 per cent acetone. Five main fractions (Fractions I to V from 
top to bottom) appeared, each consisting of several pigments. 

Fraction I (which among other pigments contained some lutein) and 
Fraction III were of no particular interest. 

Fraction II, when rechromatographed and developed with 10 per cent 
acetone in petroleum ether, separated into nine components; v7z., lycopene, 
two neolycopenes, a monohydroxy pro-y-carotene, and five minor layers. 
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The monohydroxy pro-y-carotene zone was rechromatographed and was 
then homogeneous. The main absorption maxima were 461.5, 432.5 
mu and on iodine catalysis, 492.5, 459 mu. In contrast to pro-y-carotene 
this pigment was present in both phases if a drop of water was added to 
the solution in a petroleum ether-methanol mixture. When a petroleum 
ether solution was shaken with 90 per cent methanol, epiphasic behavior 
was observed. The adsorbability is also conclusive evidence for the 
presence of a hydroxyl group. On calcium hydroxide the compound is 
adsorbed below lycopene but much above pro-y-carotene, as shown by 
mixed chromatograms. Furthermore, after the addition of iodine a main 
component is formed which does not separate on the column from a mono- 
hydroxy-y-carotene (probably rubixanthin) obtained from another source. 
Finally, monohydroxy pro-y-carotene is also adsorbed on calcium carbonate 
from petroleum ether, which, as is well known, does not occur with hydro- 
carbon carotenoids. 

Fraction IV consisted mainly of an orange pigment which showed 
maxima at 474, 442.5 mu (with iodine, 501.5, 469.5, 439 my). In carbon 
disulfide the corresponding figures were 504, 471.5 my and 543, 502.5, 468 
mu. This stereoisomer of lycopene was eluted with ether and crystallized 
as described above for pro-y-carotene. The yield was 7.3 mg.; m.p., 
97-98° (corrected) ( after softening). The main pigment formed by iodine 
catalysis did not separate from tomato lycopene in a mixed chromatogram. 


Analysis—C Hy. Caleulated. Mol. wt. 537 
Found. «563 (in exaltone) 


Fraction V, when rechromatographed on calcium hydroxide with 25 
per cent ligroin in benzene, separated into several minor carotenoids and 
two main pigments with y-carotene spectra (495, 462 mu and 494, 461 my). 
On addition of iodine maxima of shorter wave-length appeared. Both 
have been crystallized and will be investigated. As remarked earlier (4) 
some observations seem to point to the existence of two y-carotenes, which 
possibly differ only in the position of the isolated double bond. 


SUMMARY 


Ripe fruit of Pyracantha (Cotoneaster) angustifolia Schneid. constitutes 
the best practical source for the isolation of pro-y-carotene, CyoHs«, and a 
good souree for prolycopene, CyolHs5, both of which possess partially cis 
configurations. The yields were 27.7 mg. of crystallized pro-y-carotene 
and 28.4 mg. of prolveopene from 1 kilo of air-dried berries. A close 
stereoisomer of prolycopene was also isolated (7.3 mg.) and a monohy- 
droxy pro-y-carotene observed in solution. 
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ISOLATION OF PROLYCOPENE AND PRO-y-CAROTENE FROM 
EVONYMUS FORTUNEI 
By L. ZECHMEISTER anp R. B. ESCUE 


(From the Gates and Crellin Laboratories of Chemistry,* California Institute 
of Technology, Pasadena) 





{ (Received for publication, April 13, 1942) 


It has been reported (1) that the ripe seeds of Evonymus europaeus L. 
(Celastraceae) contain unesterified zeaxanthin, CyoHseO2, as the main 
polyene pigment. The same statement is valid for Evonymus fortunet, 
var. color., Rehd., commonly termed ‘‘winter-creeper euonymus,”’ from 
| kilo of which 1300 mg. of zeaxanthin were isolated. Upon evaporation 
of its saponified ether extract and addition of petroleum ether, abundant 
quantities of zeaxanthin crystallize. This paper describes an investigation 
of some of the pigments (about 200 mg. per kilo, of which one-fourth is 
§-earotene) which remain in the mother liquor. The mixture can be 
resolved by chromatographic analysis. In addition to some twenty less 
/ interesting pigments, two representatives of a stereochemically new class 
of natural carotenoids (2) were separated ; viz., prolycopene, CyoHs, and pro- 
y-carotene, CyoHss. The yields of pure crystals were 11 mg. and 0.5 mg. 
per kilo of seeds respectively. Hence, Evonymus fortunet may serve as a 
source of prolycopene while it does not offer any larger yield of pro-y- 
carotene than does the fruit of Butia capitata (3). According to the 
foregoing paper (4) Pyracantha angustifolia is the best starting material 
for the isolation of pro-y-carotene at the present time. 





We wish to thank Mr. F. W. Westcourt of the Texas State College for 
Women for the identification of the plant, and Dr. G. Oppenheimer and 
Mr. G. Swinehart for a microanalysis. 


EXPERIMENTAL 


The material was collected in Denton, Texas. The intensely orange-red 
hulls of 1 kilo of seeds were scraped off by rubbing between two layers of 
Wire gauze in a mortar. Small particles of hull remained on the stones and 
were neglected. The pigment- and lipid-rich hulls were ground with sand 
and extracted with peroxide-free ether by repeated shaking. The dark 
extract (2 liters) was saponified over concentrated methanolic potassium 
hydroxide for 20 hours, then washed alkali-free, dried with sodium sulfate, 
and evaporated in vacuo at 40° as far as possible. To the dark, partially 
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crystalline residue, petroleum ether (b.p. 60-70°) was repeatedly added 
Finally, the oily residue was dissolved in the minimum 
volume of chloroform. On addition of 3 volumes of petroleum ether the 
main bulk of zeaxanthin crystallized out. 

The mother liquor was poured on calcium hydroxide (Shell brand lime, 
chemical hydrate, 98 per cent passing through a 325 mesh screen) in 
percolator (45 X 20 X 8 em.). After washing the chloroform from the 
adsorbent with petroleum ether, the chromatogram was developed in the 
course of 3 hours with petroleum ether containing 2 per cent and later 3 
per cent acetone. The light orange filtrate was discarded; it contained 
among other polyenes a portion of the 6-carotene. 

The cone was cut into three parts. The upper section (160 mm. from 
the top) was composed of an orange-brown (20 mm.) and a red (140 mm.) 
part, both of which were heterogeneous. Then followed an orange section 
(100 mm.) containing the two “‘pro”’ compounds and some minor pigments, 
In the lowest section 8-carotene predominated (60 mg.). The middle 
section was eluted with alcohol, transferred to petroleum ether, and de- 
veloped on a calcium hydroxide column (28 X 7 em.) with 1 liter of petro- 
leum ether containing 2.5 per cent acetone and then with 0.5 liter containing 
4 per cent. The following chromatogram appeared (on the left side the 
height of the zones is given). 


and evaporated. 


55 mm., pink 


10 “ orange, contained prolycopene 

4 “ greenish yellow 

3 “ light orange 

5 “ yellow 

20 “ orange, contained pro-y-carotene 
7 “ greenish yellow 

15 “ faint orange 


0.5 “ green line 

15 a colorless 

7 “ pink, 8-carotene 
This zone was cut out, eluted with ether, dried, and 
The residue was dissolved in the minimum amount 


Prolycopene 
evaporated in vacuo. 
of benzene and crystallized in a centrifuge tube by cautious addition of 
several volumes of methanol. The microscope showed typical prolycopene 
crystals intermixed with much colorless crystalline material. The latter 
could not be removed by recrystallization from benzene and methanol and 
only partially by treatment with methanol at 40°. It was almost com- 
pletely removed by short centrifuging at slow speed. The heavy pigment 
crystals settled and the suspended colorless compound was decanted. 
Minor amounts of prolycopene in the decanted liquid were recovered by 
The last trace of the contaminant was removed 


repeating the process. 
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by a short treatment with methanol at 40° and rapid centrifuging. The 
yield was 11 mg.; m.p., 109-110° (corrected; in a sealed tube filled with 
C(O»). For the purpose of analysis the sample was dried at about 45° in a 
high vacuum for 45 minutes; it was free of ash. 

Analysis—C oH. Caleulated. C 89.48, H 10.52 


Found. ** 89.00, ‘* 10.72 
Mol. wt., calculated, 537; found, 529 (in exaltone) 


In a mixed chromatogram the pigment did not separate from prolycopene 
obtained from tangerine tomatoes (2). The spectral maxima of fresh 
solutions were in carbon disulfide 500.5, 469.5 my (after the addition of 
iodine, 540.5, 500.5, 466 mu) and in petroleum ether 470, 442 my (with 
iodine, 501, 469, 441 my). 

Pro-y-carotene—This zone of the above chromatogram was eluted with 
alcohol, transferred into 20 ce. of petroleum ether, and rechromatographed 
on a calcium hydroxide column (27 X 5em.). Minor layers located both 
above and below the main orange pigment were discarded and the latter 
was rechromatographed on a smaller column (20 X 3 em.) of the same 
adsorbent. ‘This showed only traces of other pigments, much above pro- 
y-carotene. The latter was eluted with ether and the evaporation residue 
was crystallized from benzene and methanol as described for prolycopene. 
No colorless contaminant was present. The yield was 0.5 mg.; the crystal 
form was typical for pro-y-carotene. In a mixed chromatogram no separa- 
tion took place from a sample isolated from Pyracantha angustifolia (4). 
Spectral maxima in carbon disulfide were 492.5, 459 my (with iodine, 
527.5, 490 mu) and in petroleum ether, 461.5, 431.5 my (with iodine, 490, 
457.5 mu). 


SUMMARY 


From 1 kilo of the ripe seeds of Evonymus fortunei Rehd., 11 mg. of 
prolyeopene, CyoHyss, and 0.5 mg. of pro-y-carotene, CyoHss, have been 
obtained in crystalline form. 
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ARTERIAL AND CEREBRAL VENOUS BLOOD 
ARTERIAL-VENOUS DIFFERENCES IN MAN* 
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(From the Neurological Unit of the Boston City Hospital, the Department of Neurology 
of the Harvard Medical School, Boston, and the Laboratory of Physiology 
of Yale University School of Medicine, New Haven) 


(Received for publication, March 11, 1942) 


The immediate purpose of this study is the determination of the norm 
for certain chemical constituents of the arterial and internal jugular 
blood of healthy young men. It is obvious that if a complete balance 
sheet can be made out, showing what is taken from and what is added 
to the blood in its passage through the brain, much light will be shed on 
the problems of brain metabolism. No complete balance sheet can be 
submitted as a result of the present study but presentation of a partial 
list of blood constituents is a considerable addition to the limited amount 
of data available on the metabolism of the normal human brain. The 
brains of the subjects examined were not only structurally normal as evi- 
denced by the lack of abnormal neurological signs or symptoms, but were 
functionally normal as shown by electroencephalographic examinations. 
- Arterial and venous samples were drawn simultaneously, so that arterial- 
venous differences could be determined and an accurate estimate made of 
the changes that occur in the blood as it flows through the brain. 


Methods 


50 males, 18 to 29 years of age, almost all of them medical students, 
were chosen for examination. The subjects lay quietly for at least }4 
hour before blood was drawn from the internal jugular vein and the fem- 
oral, radial, or brachial artery. The internal jugular vein was punctured 
by the method described by Myerson, Halloran, and Hirsch (10). Care 
, was taken to see that the subjects breathed normally during and immedi- 
ately preceding the taking of the sample. 

Blood was taken without exposure to air and gas determinations were 
made as soon as possible on samples of whole blood, to which potassium 
oxalate was added as an anticoagulant. The Van Slyke manometric 
_ method of blood gas analysis was employed and the procedures recom- 

mended by Peters and Van Slyke (11, 6) followed. The pH of whole 
| blood was determined immediately at 38° electrometrically. A glass 


*This research was aided by grants from the Dazian Foundation for Medical 
Research, the Harrington Fund, and the Rockefeller Foundation. 
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electrode amplifier system was used which permitted pH measurements 
to be made with a precision of +0.002 pH unit. The pH values recorded 
are in accordance with the pH scale recommended by Hitchcock and 
Taylor (7). Lactic acid was also determined on whole blood, to which 
oxalate and fluoride had been added according to the method proposed 
by Edwards (3). The procedures devised by Folin and Wu (4) were 
used for the determination of sugar. The total base of the serum was 
determined by electrodialysis, and the modifications proposed by Con- 
solazio and Talbott (2) were followed. Inorganic phosphorus was meas- 
ured by the procedures of Kuttner and Lichtenstein (8). 


Results 


The analytical results for each of the 50 subjects and the calculated 
carbon dioxide tensions for the samples of their bloods are presented in 
Table I. The method by which the carbon dioxide tension was calculated 
is given in Peters and Van Slyke ((11, a) pp. 912-913). The various ar- 
terial-venous differences which can be obtained from Table I are particu- 
larly important, since these values give the pertinent information concern- 
ing the chemical changes that take place in the brain. Table II contains 
the means, extremes, and standard deviations of all the blood constituents 
investigated and their arterial-venous differences. 

Oxygen—The metabolic demands of the human brain are such that 
under conditions of average blood flow the oxygen content of the blood 
passing through the brain is reduced by 6.7 volumes per cent. The blood 
leaves the brain with a saturation of 61.8 per cent, a net reduction in 
saturation of 32.1 per cent. The loss of oxygen from the blood to the 
brain is somewhat larger than the average loss of oxygen to the tissues 
throughout the rest of the relaxed body. Therefore, from a consideration 
of the blood supply to the brain it would seem that the in vive metabolism 
of this tissue is well above the average metabolism of the body as a whole. 

The average oxygen capacity of arterial blood and whole blood from the 
internal jugular vein (Table IT) is identical within the experimental error. 
In some individuals (Table I) there may be a small difference, indicating 
that the blood has become slightly diluted as it passes through the brain. 

pH—The average change in acidity of the blood as it flows through the 
brain is 0.053 pH unit (Table I1). This change is somewhat larger than 


the 0.02 to 0.03 unit obtained by Bock et al. (1) for blood passing through 
of | 


resting muscle, which again indicates a greater chemical activity in the 
brain. The pH values of the arterial and venous blood in themselves are 
of interest. The arterial blood of the young men in this series had an 
average value of 7.424 pH units and the venous blood an average value 
of 7.371 units. The mean of the two values is 7.396 units. Shock and 
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Hastings (12), using colorimetric methods, found that finger blood from 
males had an average value of 7.299 units. A comparison of all of the 
yarious measurements of finger blood by these authors indicates that, 
although finger blood bears a closer resemblance to arterial than to venous 
blood, the individual samples are more variable. The range for the various 
components of the acid-base balance of finger blood includes practically 
all of the values reported here for the arterial and the internal jugular 
blood. 

Carbon Dioxide—Blood as it flows through the brain gains on the aver- 
age 6.6 volumes per cent of carbon dioxide (Table II). From the data 
on oxygen and pH it is possible to calculate that the increase in carbon 
dioxide tension produced by this increment of carbon dioxide is 9.97 mm. 


of mercury. Because of the rapid diffusibility of carbon dioxide through 
' the tissues, the tension of carbon dioxide in the brain should be only 


dightly greater than its tension in the internal jugular vein; the latter 
yalue was 49.9 mm. of mercury. 

The average carbon dioxide content of arterial blood was 21.6 mM per 
liter (48.2 volumes per cent) and of the venous blood 24.6 mm (54.8 vol- 
umes per cent) (Table II). The mean of these two, 23.1 mm, is slightly 
above the average value for finger blood, 22.3 mM, reported by Shock and 
Hastings (12). 

In this group of 50 normal young men at rest, the carbon dioxide con- 
tent of arterial blood never exceeded 50.5 volumes per cent (Table IT). 
Out of a total series of 108 normal men studied in our laboratory only one 
had an arterial carbon dioxide content above 50.5. In a group of 59 
grand mal epileptics examined by Gibbs, Lennox, and Gibbs (5), the car- 


bon dioxide content was above this level in 61 per cent, and it was found 


that patients affected only with petit mal epilepsy tend to have a low 
arterial carbon dioxide content. From these and other studies, it would 
sem that epileptics have some disturbances in the mechanisms which 


| govern their acid-base balance. 


— 


Respiratory QuotientHimwich and Nahum (6) demonstrated that the 
respiratory quotient of cat brain in vivo is close to 1, and Lennox and 
Leonhardt (9) obtained a value close to 1 for the human brain. The pres- 
ent results (Table I) serve to attest the accuracy of these earlier findings, 
for the average respiratory quotient for our 50 subjects was 0.99. 

Sugar and Lactic Acid—Under conditions of average blood flow 10 mg. 
of sugar are removed from every 100 cc. of blood passing through the 
brain (Table I1). If this sugar is all dextrose and completely oxidized, it 
would require 7.46 ec. of oxygen per 100 cc. of blood. But some lactic 
acid is produced; the average value for lactic acid contributed by the 


nd | brain is 1.6 mg. per 100 cc. of blood (Table II). If this lactic acid were 
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derived from the dextrose, less oxygen would be required to account for 
the sugar consumption; only 6.27 ec. of oxygen would be needed, a value 
only slightly less than the average value of 6.7 ce. of oxygen which is 
actually observed (Table II). These data support the thesis that the 
principal source of energy for brain metabolism is sugar, but that not all 
of this sugar is actually oxidized, since a small but definite amount reap- 
pears in the blood stream as lactic acid. 

Total Base —The concentration of the total base in the serum of the 
internal jugular vein is on the average 1.2 milliequivalents per liter greater 
than that in the arterial serum (Table II). For the most part, this is not 
due to any contribution made by the brain, but represents the effect of 
the redistribution of water between the blood cells and the plasma as the 
blood becomes venous. The difference of 1.2 milliequivalents is com- 
parable with the difference of 1 to 2 milliequivalents between arterial and 
venous blood in the arm, as reported by Bock et al. (1). 

The average value for total base of 154.1 milliequivalents per liter of 
serum from the internal jugular vein is essentially the same as the value 
of 153.2 milliequivalents from arm vein serum obtained by Consolazio 
and Talbott (2) in a series of 52 males. 

Inorganic Phosphorus—There is no detectable change in the level of 
inorganic phosphorus of the serum of blood which has passed through the 
brain (Table Il). The average level found, 3.4 mg. per cent (Table II), 
isin the middle of the range 2 to 5 mg. per cent, which is accepted as being 
within normal limits for inorganie phosphorus in the healthy adult. 


SUMMARY 

The concentration of oxygen, carbon dioxide, pH, lactie acid, sugar, 
total base, and inorganic phosphorus has been measured in the arterial and 
internal jugular blood of 50 intelligent, healthy, electroencephalograph- 
ically normal, young men. Blood samples from an artery and internal 
jugular vein were drawn simultaneously, thus permitting estimation of 
the metabolic activity of the brain. These data furnish normal control 
data for future studies of the metabolism of brains which are functioning 
abnormally. 

The respiratory quotient of the brain in this series is 0.99. This figure 
together with data on the concentrations of sugar, lactic acid, and oxygen 
in the blood entering and leaving the brain indicates that sugar is the 
principal source of energy for the brain in vivo. However, not all of the 
sugar is completely oxidized, for a small part appears to be converted into 


lactic acid. 


The authors wish to thank Miss Ruth Hurwitz for her able assistance 
in all the chemical analyses involved. They wish also to express their 
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thanks to the subjects who suffered moderately and gave their blood to 
make this investigation possible. 
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THE RELATION BETWEEN RED BLOOD CELL DENSITY AND 
CORPUSCULAR HEMOGLOBIN CONCENTRATION 


By ERIC PONDER 
(From the Nassau Hospital, Mineola, New York) 


(Received for publication, April 2, 1942) 


This investigation is concerned with determinations of red blood cell 
density and mean corpuscular hemoglobin concentration in man, and with 
their bearing on the problem of red cell structure. At first it seemed that 
both the density and the quantity of hemoglobin in unit volume of red 
blood cells would be simple to measure, but a detailed investigation brought 
several unexpected difficulties to light, including inadequacies in some of the 
standard methods. 

The samples of blood were obtained by vein puncture from persons acting 
as blood donors, and preoperatively and postoperatively from a series of 
patients. None of the cases showed blood dyscrasia, but no attempt was 
made to confine the investigations to those with a hemoglobin concentra- 
tion in the normal range. On the contrary, blood from cases of anemia 
from hemorrhage and of the comparatively mild postoperative anemia 
formed about half of the material, since variations in hemoglobin concen- 
tration were sought rather than avoided. The blood samples were with- 
drawn into small bottles containing heparin. 


Methods 


Density—The heparinized whole blood is centrifuged at 4000 r.p.m. for 
2 hours in a large International centrifuge. The plasma is drawn off by 
suction, and the upper layers of cells together with plasma which always re- 
mains near the surface are removed with capillary pipettes and blotting 
paper. If the removal is thoroughly done, the mass of cells remaining is at 
least 98 per cent packed, as can be shown by spinning a sample in a high 
speed hematocrit. 

A 0.5 ml. micro pipette (‘‘to contain”), with a ground tip and a con- 
striction in the region of the 0.5 ml. mark, is thoroughly dried and weighed 
to0.1mg. Arubber teat is attached, and the pipette is introduced with the 
teat compressed into the bottom of the tube containing the packed red 
cells. It is important to compress the teat before the pipette is dipped into 
the cell mass, and not after, for if air bubbles are expelled they may not rise 
through the viscous mass, and, drawn up into the pipette where they may 
remain undetected because of opacity, may affect the density determina- 
tions. The sample of the cell mass should be drawn up no further beyond 
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the mark than can be helped; this is easy, as the mass is very viscous. The 
teat is removed, and the volume adjusted to the mark by tapping the tip of 
the pipette on filter paper; the pipette is then wiped off on the outside witha 
moist cloth, dried, and weighed without delay. 

The pipette with its contents is introduced into a 100 ml. flask, the teat 
reapplied, and the contents forced out. The pipette is then rinsed with 
three successive | ml. volumes of water, so as to transfer all of the sample to 
the flask without loss. 

The weight of the sample of packed cells being known, and the weight of 
the same volume of water having been found by a calibration of the pipette, 
the density of the cells can be calculated. Repeated determinations on the 
same sample of cells show that the variation in the weight of successive 
samples does not exceed +0.5 mg.; this means that the density can be 
determined with an accuracy of +0.001. When the pipette is filled with 
water, as in calibrating it, the accuracy is not quite so good, for the water, 
being so much less viscous than the packed cells, is more difficult to adjust 
to the mark. I have therefore used the average of ten determinations as 
the weight of water which the pipette holds. The densities are calculated 
with water at the same temperature taken as unity. 

Tron Determinations—Wong’s method (1) is modified as follows: The 
sample of packed cells with the added 3 ml. of water is swirled around in 
the flask until it is hemolyzed and spread evenly over the bottom and sides. 
This swirling should take several minutes, for it is most important to 
obtain homogeneity of the material, which tends to form lumps. 4 ml. of 
concentrated H,SO, (Fe-free) are added drop by drop, and the swirling is 
continued, so that the final mixture is quite homogeneous. After it has 
stood for about 2 hours,' 4.0 ml. of saturated potassium persulfate are 
added, again with swirling, and the mixture is allowed to stand for another 
hour. 50 ml. of water are added, and following this 4 ml. of Fe-free sodium 
tungstate (Klett Manufacturing Company). After another hour of 
standing, water is added to the 100 ml. mark, and the contents of the flask 

are filtered through a medium filter paper. The filtrate should be clear 
and colorless, and when placed in the colorimeter should read substantially 
the same 0 as water.* 

To 10 ml. of the filtrate are added 0.5 ml. of saturated potassium persulfate 


1 T have found that the best results with Wong’s iron method are obtained if the 
sulfuric acid and persulfate are allowed to act for these long times, and that quite 
irregular results are obtained if Wong’s original directions (agitating the mixture 
for a minute or two, cooling under the tap, ete.) are followed. 

2 The filtrate may show a brown tinge if too little acid or tungstate is used, and 
may become slightly opalescent if allowed to stand too long before color is developed. 
In either case it must be discarded. 
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and 2 ml. of 3 N potassium thiocyanate. The red color develops almost 
instantly, and is read in a Klett-Summerson colorimeter against water set 
at 0. After some 10 minutes or so, the color slowly fades. 

A standard, in which color is developed at the same time as in the un- 
known, is made by taking 5 ml. of a standard iron solution containing 0.1 
mg. of ferric iron per ml., adding 4 ml. of H,SO, and 4 ml. of potassium 
persulfate, making up to the mark, and developing color in a 10 ml. sample 
in the same way as in the unknown. Under my working conditions, the 
reading of the standard does not vary by more than +1 per cent from day 
today. A blank is prepared by taking 4 ml. of H2SOx,, 4 ml. of persulfate, 
making up to 100 ml. with water, and developing the color in a 10 ml. 
sample. The reading of the blank is small and constant for the same set 
of reagents. 

The results obtained by this method are reproducible with an accuracy 
of about +2 per cent, and the known amounts of iron added to the sample 
of packed cells may be measured with about the same precision. Beer’s 
law is obeyed over the working range. 

To convert the result of the iron determination into values for hemo- 
globin, I have taken the iron content of hemoglobin as 336 mg. per cent 
(see ‘“‘Diseussion’’). 

Difficulties in Measuring Density—At first I tried to measure the density 
of the cells from the density of whole blood, then of the plasma, and the 
percentage volume as obtained by a high speed hematocrit, but the final 
figure was found to be very sensitive to errors in the hematocrit determina- 
tion, and so the method was abandoned. 

I then tried a method described by Linderstrém-Lang (2) for the de- 
termination of density. I found two sources of difficulty with this method. 
(a) Droplets of packed cells do not come to equilibrium as quickly as do 
droplets of the standard, for because of the high concentration of lipid in 
the packed cells the drop is not entirely insoluble in the kerosene and 
bromobenzene, nor is the lipid entirely insoluble in it. There is accordingly 
some doubt about the equilibrium position, but as the final observation can 
be made at the end of a fixed time, e.g. 5 minutes, this is a minor difficulty. 
(b) Suecessive droplets from the same sample of packed cells do not always 
take up the same equilibrium position, and the variations may be sufficient 
to affect the third place in the values for density. This may be due to 
the effect of lipids in attracting bromobenzene into the cells, to inhomo- 
geneities in the samples of packed cells (ef. Ponder (3)), or to both. 

Difficulties in Determining Hemoglobin—Before finally adopting the 
modified Wong method described above, I used the Sahli acid hematin 
method and Wu’s alkali hematin method, both of which turned out to be 
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unsatisfactory and unreliable as compared with the iron determinations, 
The errors inherent in these methods are the subject of a separate note (4), 


Results 


Table I shows the data obtained for 60 determinations of red blood cell 
density (gravimetric method) and of hemoglobin concentration (modified 
Wong iron method). The relation of these two variables to each other, as 


Taste I 
Data from 60 Determinations 


NI 5. cis kus cache aOR cee MENUn do ah-s vecvees 1.0996 
ices ibd wah» AR eines Seen bah dite vale ee RRS oe eee ee +0.0059 

Mean corpuscular Hb concentration, mean value, gm. % waa 33.6* 
es, ete endnehitabhene sens ee +1.99 

Correlation coefficient, r, between density and Hb concentration 0.59 
DMabase ies eas skeet Unease Kas STee Kes renee mas lg 4 +0.085 


* Corresponding to 113 + 5.7 mg. of Fe. 


expressed by the correlation between them, constitutes the principal 
conclusion of this investigation.’ 


3 An important statistical problem arises in connection with the interpretation 
of the correlation coefficient, and I am very grateful to Dr. Joseph Berkson of the 
Mayo Clinic for supplying me with the following solution. The problem is this: 
Suppose that there are two attributes, X and Y (e.g., density and hemoglobin con- 
centration), the correlation between which is unity or, more generally, r. If we 
measure X and Y by any real methods, a series of experimental errors will arise, and 
these will tend to make it seem that the correlation between X and Y is less than it 
really is. If the standard deviations are known, what will be the effect of the errors 
on the value of r? 

Let X, Y be the variates. 
z= (X — X),y = (Y — Y) (deviations from the mean) 
ox = o,, oy = o, (standard deviations of the variates) 
ryy = r2,, = (Yry)?/Zr*ty? = (Sry)*/n*e*,c%, 
Introduce an error of measurement dz into X and dy into Y. 
X’ = X + dz, Y’ = Y + dy (modified variates) 
x’ =2 +dz, y' = y + dy (deviations from the mean) 
If dz is normally distributed around 0 and uncorrelated with dy and its s.p. is 


e,. and similarly if for y the s.p. = e,, then 

, U(x + dz)(y dy)}? ; 
ri=r,, = + daily + ey)! (the modified correlation) 
“ n? o, a3, 


x(x + dz)(y + dy) = Zzry (because the dz, or dy products = 0) 


x(x + dz)? D2? + Ldz? + 2ardz 
n n 


o, = a oa e? 


2 2 2 
at, = a? + €? 
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DISCUSSION 


The average value for density lies between that of Lindeboom (5) or of 
Macleod (6), the former giving 1.103 for normal humans, and the latter 
1.0989. The most interesting result, however, is the low value for r, the 
coefficient of correlation between corpuscular hemoglobin and cell density. 
This means that the density is determined only in part by the hemoglobin 
concentration as measured. 

One explanation of the result is that since hemoglobin is produced intra- 
cellularly from colorless precursors of about the same density as itself a 
deficiency of the pigment may result in its place being occupied by another 
protein (the precursor) of about the same density. In this series there 
occur, for example, two specimens with the same density, 1.099, but with 
mean corpuscular hemoglobin concentrations of 32.7 and 36.4. The 
difference, 3.7 per cent, gives an idea of the amount of protein other than 
hemoglobin which might occupy the place of the pigment in the cells with 
the lower hemoglobin content. The presence of proteins other than 
hemoglobin has frequently been suggested on many different grounds and 
the low correlation between red cell density and mean corpuscular hemo- 
globin may point in the same direction. 

An alternative explanation for the result may be that the weight of 
hemoglobin indicated by 1 gm. of iron varies, for Morrison (10) found the 
Fe content in fourteen samples of human hemoglobin to be from 305 to 


and so 
ay (Say)? 


* nto + €2)(o} + €3) 


tr _ , Jot + 2) (03 + e3) (ey Tf, 2 fey] 
po of tt? 6 f+) ]P+ Gy] 


So, as in our specific case (see Table I) if without error the correlation is r and there 
is introducted into z an error for which the standard deviation e, = 0.17¢, and into 
yan error of measurement for which the s.p. is ey = 0.25¢,, r’ the new correlation will 


be 


: 1 

fat: W/ i + 0.17(1 + 0.25%) ~ 2% 

i.e., the correlation coefficient will not be appreciably affected by the errors of 
measurement associated with the experimental methods. 

‘ Using the mean value of all the density determinations and taking the density 
of a 1 per cent NaCl solution as 1.0075, we get a value for the density of intracellular 
hemoglobin of 1.32. Svedberg an? Pedersen (7) give a value of 0.749 for the partial 
specific volume of hemoglobin, hased on the work of Svedberg and Fahraeus (8). 
This corresponds to a density of 1.335. Perutz (9) gives a density of 1.242 for the 
wet crystals. 
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338 mg. per cent. I have based my calculations on 336 mg. per cent, 
which does not allow for variation in the Fe content, and it is possible that 
this factor, plus experimental errors still remaining in the methods, may 
account for, or at least contribute to, the low correlation found between 
hemoglobin content and density. For example, the apparent difference 
between the hemoglobin contents of the two samples with a density of 
1.099, supposed to have 32.7 and 36.4 per cent of hemoglobin on the basis 
of calculation from the iron values, might be due to the iron content of 
the hemoglobin of the first sample differing from that of the second by 
about 10 per cent, which, on the basis of Morrison’s results, is just possible. 


This investigation was carried out under a grant from the Simon Baruch 
Foundation. I am very grateful to Dr. Donald D. Van Slyke for his 
many suggestions as to how the work should be carried out and for read- 


ing the manuscript. 
SUMMARY 


1. The correlation between red blood cell density and corpuscular hemo- 
globin concentration, as calculated from the content of iron, is only 0.59, a 
result which suggests that the place of hemoglobin in the red cell may be 
taken by a colorless precursor of the same density, that the Fe content of 
human hemoglobin is inconstant, or both. 

2. Difficulty was encountered in applying the Linderstrom-Lang method 
of measuring density to packed red blood cells. Successive droplets of 
packed red cells did not always reach the same equilibrium position, and 
so seemed to have different densities. The inconstancy was probably 
largely due to the solubility of cell lipids in the bromobenzene-kerosene 
A direct gravimetric method proved preferable for cell density. 


medium. 
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ERRORS AFFECTING THE ACID AND THE ALKALI HEMATIN 
METHODS OF DETERMINING HEMOGLOBIN 


By ERIC PONDER 
(From the Nassau Hospital, Mineola, New York) 


(Received for publication, April 2, 1942) 


It was pointed out long ago by Berczeller (1) and by Wu (2) that the 
color developed in the acid hematin method is affected by non-hemoglobin 
substances in the plasma, and it was to avoid these that Wu introduced 
his alkali hematin method, the value of which, however, has never been 
carefully assessed. Erroneous results with these hematin methods were 
encountered in the course of another piece of research (3), even when the 
plasma was removed and the analyses carried out on separated cells, and 
the errors were not entirely eliminated by the use of Wu’s alkali hematin 
method. The present report presents a study of the nature and magnitude 
of these errors. 


Material and Methods 


The material used was either human whole blood or packed human red 
blood cells, the packing being carried out by spinning for 2 hours at 4000 
r.P.M., and the plasma being afterwards removed as completely as possible. 
Determinations of hemoglobin were made at room temperature by the acid 
hematin and the alkali hematin methods as described by Peters and Van 
Slyke (4), the color matching being carried out in a Klett-Summerson 
photoelectric colorimeter. The results obtained were compared with the 
result of hemoglobin determinations by a modification of Wong’s iron 
method (Ponder (3)), assuming the iron content of hemoglobin to be 336 
mg. per cent. 


Results 


The principal objections to the acid hematin method when applied to 
packed cells are (a) that the color takes a long and variable time to develop, 
and (b) that when fully developed it gives values for the hemoglobin con- 
tent which do not agree at all well with the results of iron determinations. 
These defects in the method are illustrated by typical data brought 
together in Tables I and IT. 

The first section of Table I shows the long and variable times for the 
development of color when the method is applied to human packed red 
cells. The packed cells (20 ¢.mm.) were added to the acid (10 ml. of 0.1 
N HCl), and after mixing, the colorimeter reading was recorded after 15, 
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30, 60, 90, 120, and 180 minutes. The color is always fully developed at 
the end of 180 minutes, and so the value observed at that time is denoted 
by 100 per cent, and is given as gm. of hemoglobin in the last row. It will 
be apparent that the rate at which color develops is variable, and that, on 
the average, only about 90 per cent of the full color is developed at the end 
of 30 minutes, the time at which it is usually supposed to be developed 
completely. 

In Table I are also shown similar results for human whole blood (20 
c.mm. added to 5 ml. of 0.1 N HCl). Here the discrepancies are less strik- 
ing, but the differences in the rate of development of the color are still 
apparent, particularly in cases in which the hemoglobin content is high. 

Table II shows fifteen values for packed cells, arbitrarily selected from 


Taste I 
Varying Rates of Development of Acid Hematin Color by Different Samples of Packed 
Human Red Blood Cells and of Whole Blood 


The results are expressed in per cent of Hb readings at 180 minutes. 


Time Packed red cells Whole blood 

min. | 

15 81.0 | 89.0 | 88.3 | 91.2 87.5, 88.0 92.0 96.1 93.2 94.3 96.5 93.1 
30 85.5 | 93.0 92.4 95.0 90.0 92.8 93.6 98.0 94.5 95.2 98.7 95.0 
60 91.0 | 96.0 95.8 | 97.5, 95.5 98.5 96.0 98.7 96.2) 96.4 100.0) 98.2 
90 94.2 | 99.0 97.0 98.5) 97.4 99.5 97.1 99.0 98.0) 97.3 100.0 
120 98.5 100.0 98.4 99.5) 99.5100.0 98.9100.0 99.2 99.0 

180 100.0 100.0 |100.0)100.0 100.0 100.0 100.0 


Hb, gm. % | 36.3 | 37.7 | 43.3 | 37.8 44.4) 34.1] 14.9] 13.8] 13.3. 12.3 10.8, 4.9 
| | 37.8 | 


a series of 60, in which the hemoglobin content was determined by (a) 
the modified Wong method, (b) the acid hematin method, and (c) the alkali 
hematin method. It will be apparent that results obtained by either the 
acid hematin or the alkali hematin method do not agree well with those by 
the iron method, nor, indeed, do they agree well with each other.' The 
average discrepancy is 2.4 gm. per cent, or about 6 per cent of the observed 
(iron) value. This, it should be noticed, is the discrepancy under condi- 
tions in which the full color is allowed to develop in both the acid and the 
alkali hematin determinations; if readings had been made at the end of 
30 minutes, as is customary, the discrepancies would have been greater. 


! Since there is no factor associated with Wu’s method, I have used a multiplying 
constant which makes the mean of all the (60) acid hematin determinations agree 
with the mean of all the alkali hematin determinations. The colorimetric readings 
by the alkali hematin method are multiplied by this constant. 
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The question of the reliability of these hematin methods has already been 


raised by Peters and Van Slyke (4), and the doubts which they express 


seem to be wholly justified. It will be noticed that the large discrepancies 


in Table IT are due to the acid hematin value being higher than the hemo- 
globin iron value, which suggests that the color is affected by substances 
other than hemoglobin. 

It has been recognized that plasma contains substances, such as lipids 
and pigments, which influence the dispersion of hemoglobin derivatives and 
their color absorption. It is not generally recognized, however, that the 


TaBe II 
Comparative Hemoglobin Determinations on Packed Human Red Bood Cells by 
Iron Method of Wong,* Acid Hematin Method of Sahli, and Alkali Hematin 
Method of Wu 
The results express gm. of hemoglobin per 100 gm. of cells. 


Iron method Acid method Alkali method 
41.0 43.0 39.4 
39.4 41.8 44.9 
36.2 42.6 42.5 
32.3 34.0 33.0 
36.0 36.4 34.8 
28.1 30.1 27.1 
40.0 40.2 39.0 
33.6 38.6 38.6 
29.6 31.2 30.5 
37.8 41.% 40.0 
31.3 30.6 31.1 
36.9 | 43.4 41.9 
38.2 38.1 39.7 
33.0 34.4 33.2 
32.6 31.4 31.1 


* Wong’s method as modified by Ponder (3). 


effects remain when the plasma has been removed from the cells, nor that 
they enter as disturbing factors in the alkali hematin method. 


SUMMARY 


The Sahli acid hematin method and the Wu alkali hematin method 
give results for hemoglobin content of whole blood or of packed red cells 
which are often in poor agreement with the results by Wong’s iron method. 
The principal sources of error are the long and variable time required for 
the full development of color in the hematin methods and the fact that the 
final color is affected by substances other than hemoglobin, contained both 
in plasma and cells. 
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A STUDY OF THE NITROGENOUS CONSTITUENTS OF TISSUE 
PHOSPHATIDES* 


By ERWIN CHARGAFF, MORRIS ZIFF, ano D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, April 28, 1942) 


The problem of the chemical constitution of the phospholipids is of 
great importance for an understanding of the metabolic function of these 
substances. The work with radjoactive phosphorus has shown that the 
rates at which newly formed phosphatides were deposited in various organs 
differed to a remarkable degree and that even the rates of formation of the 
aleohol-soluble phosphatides (‘lecithin’) and the alcohol-insoluble phos- 
phatides (‘‘cephalin’’) of the organism showed differences. In this man- 
ner, by comparing the speed of entry of radioactive phosphorus into the 
phospholipid molecules, it was possible to distinguish between active 
organs, e.g. the liver, and sluggish organs, e.g. the brain. 

The experiments described here represent an attempt to approach the 
problem of the composition of tissue phosphatides by a study of the dis- 
tribution of the principal nitrogenous constituents, especially choline and 
ethanolamine. By correlating the results concerning the amounts of 
these bases with the analytical composition of the phospholipids examined 
it appeared possible to prove or disprove the presence of any hitherto 
unknown constituents. The analytical tool used was the isotope dilution 
method (1). The pure bases containing a known amount of the N® 
isotope were added to the phosphatide hydrolysis mixture. The isotope 
dilution found in pure specimens of the compounds isolated from the 
hydrolysates was a measure of the amounts originally present in the phos- 
pholipids. For the isolation of the bases, it appeared advantageous to 
choose derivatives which could easily be purified and contained no other 
nitrogen than that of the base. For this reason, choline was isolated as 
the mercuric chloride double salt, ethanolamine as the 3 ,5-diiodosalicylate 
(2). Following the discovery of serine in brain cephalin (3), the amino 
acid content of the phosphatide preparations used was likewise determined. 

In order to obtain representative results, it was sought to avoid, as far 
as possible, fractionation of the phospholipids by solvent action in the 
course of the isolation. The preparation of the phosphatides, therefore, 
was based mainly on the solubility of these substances in petroleum ether 


* This work has been supported by grants from the John and Mary R. Markle 
Foundation and from the Rockefeller Foundation. 
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and their insolubility in acetone. The fractions examined were freed of 
cerebrosides, sphingomyelin, and water-soluble nitrogenous impurities, and 
had N:P ratios near 1:1. Specimens obtained from liver, brain, and heart 
were examined. Some data on phospholipids from lung and from egg 
yolks are also included. 


EXPERIMENTAL 
Analytical Procedures 


For analysis all preparations were dried to constant weight in vacuo over 
P.O, at 60° with the exception of the samples used for the determination 
of the iodine values (4), which were similarly dried at room temperature, 
Phosphorus was determined gravimetrically according to Pregl-Lieb, total 
nitrogen by the Kjeldahl procedure. For the estimation of amino nitro- 
gen according to Van Slyke the samples were dissolved in glacial acetic 
acid, the reaction time with nitrous acid being 5 minutes in all cases, 
The amino nitrogen values for the heart and liver phosphatides included 
in a preliminary communication from this laboratory (5) were in error and 
are corrected by the data presented here. Amino acid nitrogen was titri- 
metrically determined by the ninhydrin method (6). 

The determination of the N" isotope was carried out in a mass spec- 
trometer (7). The results of the isotope dilution experiments were ob- 
tained from the equation (a/e — 1)b = 2, in which a is the N® excess in 
atom per cent and b the amount of nitrogen in mg. present in the base added 
to the hydrolysis mixture, c the N™ excess in atom per cent found in the 
specimen of the same base isolated from the hydrolysate, and z the amount 
of base nitrogen in mg. found by isotope dilution. 


Preparation of Phosphatides 


Phosphatides from Liver, Lung, and Brain (Table I, Preparations 1 to 4)— 
The isolation and purification of the mixed phosphatides from pig liver, 
beef lung, and beef brain will be exemplified by the description of one 
preparation of pig liver phosphatides (Preparation 1, Table 1).' The 
ground tissue, weighing 5175 gm., was extracted twice with acetone for 
24 hours, 2.5 liters of the solvent being used in each case. The organ pow- 
der then was treated with 4.4 liters of petroleum ether (b.p. 30-60°) for 
several days and this extraction repeated twice with similar amounts of 
solvent. The combined petroleum ether extracts were concentrated to 
a volume of 400 ec. and the solution freed of cerebrosides, etc., by storage 


1In all cases fresh organs obtained from the slaughter-house were used. All 
operations were, whenever possible, carried out in a nitrogen atmosphere. The 
solvents were rectified by distillation. 
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and centrifugation at 0°. The phosphatides were precipitated from the 
supernatant by the addition of 4 volumes of chilled acetone. The precipi- 
tate was emulsified in 150 ec. of cold physiological saline and 0.5 volume 
of cold acetone added. The phosphatides, obtained by centrifugation of 
the chilled mixture, were washed with ice-cold acetone-saline (1:2) and 
acetone, rapidly dried, and dissolved in 400 cc. of petroleum ether. The 
solution was cooled, cleared by centrifugation, concentrated to 200 cc., 
and slowly poured with stirring into 4 volumes of chilled acetone. The 
flocculent precipitate was allowed to settle in the refrigerator, filtered, 
washed with chilled petroleum ether-acetone (1:4) and acetone, and dried 























TaBLe I 
Tissue Phosphatides 
§ be \Period | e ; : 
es Source Tissue used, a =. P in N:P - NH>- Ane Ane fadine 
A | tides | 8° | 
= fae, -: (li a Pe Se Pe soe 
| per | per per ee of per cont of 
sm. | 6m. | HO. | Cont | cont cent | total | cent total 
1 Pigliver | 5175 |45.2) © [3.70 |1.65 |0.99:1/0.87 |52.7 /0.11 | 6.7 
6 |3.58 (1.57 |0.97:1/0.53 |33.7 46.2 
10 |3.61 1.63 1.00:1)0.46 |28.2 36.7 
2 “ ™ 2225 26.0, 0 {3.56 (1.65 1.02:1/0.90 |54.5 88.8 
3 Beef lung 1579) | 5.9 0 |3.80 1.78 |1.04:1)1.21 [68.0 (0.28 |15.7 |69.7 
| 7 13.68 i.% 1.07:1)1.03 |57.9 47.3 
4 ‘* brain 1804 47.2 | 0 |3.66 1.71 1.03:1|1.03 |60.2 0.37 [21.6 |46.6 
| | 7 13.59 1.68 1.03:1/0.85 |50.6 43.4 
5 | Pig heart 3831 29.5 0 {3.70 1.58 0.94:1/0.83 |52.5 |0.11 | 7.0 |86.0 
3 |3.63 |1.53 |0.93:1/0.38 |24.8 
| 9 |3.61 |1.57 |0.96:1/0.29 |19.1 39.7 
6 | Egg yolk 22 yolks |13.1 0 (4.00 ‘1.81 1.00:1/0.76 |42.0 (0.026) 1.4 |67.7 
4 (3.81 |1.78 |1.03:1/0.39 |21.9 36.8 


in vacuo. The phosphatides formed a yellowish wax and weighed 45.2 gm. 
(Preparation 1, Table I). 

Phosphatides from Heart (Table I, Preparation 5)—¥ourteen hearts from 
freshly slaughtered pigs were cleaned and ground. The minced tissue 
which weighed 3831 gm. was extracted with acetone and with petroleum 
ether, as described in the preceding section. The petroleum ether extract 
was concentrated to a volume of 300 cc., chilled, and freed of insoluble 
material. The addition of 4 volumes of absolute alcohol to the clear 
petroleum ether solution produced sedimentation of an oil which on being 
cooled solidified to a slightly colored soft paste. This material after 
being dried weighed 104.1 gm., had a low phosphorus content, and was 
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free of nitrogen (P 0.49, iodine value 58.5). The supernatant from this 
fraction was concentrated in vacuo to a volume of 140 cc. The addition 
of 2.5 volumes of acetone precipitated 38.7 gm. of an amber-colored wax 
(P 3.10, N 1.58, amino N 1.01, iodine value 86.6). This phosphatide 
mixture was emulsified in 250 cc. of physiological saline and precipitated 
with 125 ce. of acetone. The petroleum ether solution of the resulting 
precipitate was cleared by centrifugation in the cold and the phosphatides 
were precipitated with acetone. They formed a light brown waxy sub- 
stance, weighing 29.5 gm. (Preparation 5, Table 1). 

Phosphatides from Egg Yolk (Table I, Preparation 6)—The yolks from 
twenty-two eggs, freed of membranes and chalazae, were mixed with 200 ce. 
of physiological saline and slowly poured with stirring into 2400 ee. of a 
hot mixture of equal parts of aleohol and ether. After the mixture had 
stood overnight at room temperature, the coagulated proteins were fil- 
tered off, and the filtrate was concentrated to 1 liter and poured into3 
volumes of chilled acetone. The solution of the resulting semisolid precipi- 
tate in 300 cc. of petroleum ether was freed of moisture by means of an- 
hydrous sodium sulfate and of cerebrosides by freezing. The phosphatides, 
obtained by acetone precipitation, were further purified by flocculation 
from their emulsion in physiological saline, etc., as described in the pre- 
ceding sections. The final product weighed 13.1 gm. and formed a light 
tan-colored powder (Preparation 6, Table 1). 


Effect of Storage on Phosphatide Composition 


A number of phosphatide preparations were stored in the refrigerator 
in well stoppered bottles in a nitrogen atmosphere and after considerable 
periods again subjected to analysis with the results shown in Table I. 
During that time the substances changed in appearance: the yellow soft 
waxes became dark brown and brittle. 


Determination of Ethanolamine and Choline by Isotope Dilution Method 

The phosphatide preparations discussed below were all freshly prepared. 
The isotopic bases used, viz. the hydrochlorides of ethanolamine and 
choline, both contained 2.00 atom per cent N' excess. 

Pig Liver Phosphatides—For hydrolysis 5.039 gm. of Preparation | 
(Table I) were refluxed with 50 ec. of 1 N hydrochloric acid for 18 hours. 
At the end of the hydrolysis 46 ec. of an aqueous ethanolamine hydro- 
chloride solution containing 17.7 mg. of labeled nitrogen were added to 
the hydrolysis mixture which then was again heated to boiling for a short 
time. The fatty acids were removed by filtration from the chilled mixture 
and boiled with 1 n hydrochloric acid. The combined aqueous filtrates were 
evaporated to complete dryness in vacuo. The residue was dissolved in 
water and the solution neutralized by means of solid silver carbonate. 
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After addition of 2 gm. of basic lead acetate, the precipitate was removed, 
the filtrate freed of heavy metals by means of hydrogen sulfide, acidified 
with hydrochloric acid, and evaporated to complete dryness in vacuo. The 
residue was dissolved in absolute alcohol to give a volume of 100 ce. 
(This solution was found to contain a total of 81.6 mg. of total nitrogen 
and 40.4 mg. of amino nitrogen. After correction for the ethanolamine 
added, the recovery corresponded to 76.9 per cent of total nitrogen, but 
to only 51.8 per cent of amino nitrogen originally present in the sample 
used for hydrolysis.) The alcoholic solution of the base chlorides (98 ec.) 
was evaporated to dryness in vacuo, the residue dissolved in 2.5 ce. of 
water, and this solution mixed with calcium oxide. The isolation of 
ethanolamine as diiodosalicylate was carried out, as described in a recent 
publication from this laboratory ((2) p. 496). The crude ethanolamine 
3,5-diiodosalicylate weighed 891.3 mg. (corresponding to 69.8 per cent of 
the amino nitrogen present in the alcoholic solution of the base chlorides). 
Two erystallizations from ligroin-absolute aleohol (4:1) vielded 466.9 mg. 
of white needles melting (with decomposition) at 196° (corrected). 


CoH, NOL, (451.0). Caleulated. I 56.3, N 3.1 
Found. 56.5, ““ 3.0, N“ excess 0.882 atom % 


The phosphatide hydrolysis mixture was by the isotope dilution method 
found to contain 22.45 mg. of ethanolamine nitrogen. The mixed liver 
phosphatides examined, therefore, contained 0.445 per cent of ethanolamine 
nitrogen. 

In another experiment 4.952 gm. of Preparation 1 (Table I) were refluxed 
with 100 cc. of 6 N hydrochloric acid for 45 hours. The filtrate from the 
fatty acids was adjusted to a volume of 200 ce. (This solution contained 
a total of 71.2 mg. of total nitrogen and 31.2 mg. of amino nitrogen, cor- 
responding to recoveries of 87.1 and 72.4 per cent of the original amounts 
of total and amino nitrogen respectively.) To 185.5 cc. of this solution 
labeled choline hydrochloride (corresponding to 2.65 mg. of labeled nitro- 
gen) was added. The solution was then treated as described in the pre- 
ceding paragraph. The base hydrochlorides were adsorbed by calcium 
oxide; the mixture was first extracted with ether, in order to remove the 
ethanolamine, followed by extraction with absolute alcohol. From the 
alcoholic extract choline was isolated as the mercuric chloride double salt 
((2) p. 497). The product weighed 1.419 gm. and after recrystallization 
from water melted (with decomposition) at 253-255° (corrected). 


C;H,,NOCI-6HgCl, (1768.8). Caleulated. N 0.79 
Found. “* 0.78, N™ excess 0.129 atom % 


The amount of non-amino nitrogen present in the hydrolysis mixture to 
which the isotopic choline was added was 37.1 mg. By the isotope dilu- 
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tion method 38.4 mg. of choline nitrogen were found. It, therefore, may 
be concluded that the solution of the bases obtained by hydrolysis of the 
liver phosphatide sample contained all its non-amino nitrogen in the form 
of choline. 

Beef Brain Phosphatides—The investigation of this phosphatide prepa- 


ration was carried out by a somewhat different procedure. To a suspension | 


of 5.0409 gm. of Preparation 4 (Table I) in 100 ec. of 2 N H»SO, ethanol- 
amine hydrochloride (containing a total of 8.03 mg. of labeled nitrogen) 
and choline hydrochloride (containing a total of 1.99 mg. of labeled nitro- 
gen) were added. The mixture was heated under a reflux for 40 hours, 
the fatty acids were removed and washed, and the combined filtrate and 
washings diluted to a volume of 200 cc. (This solution was found to 
contain a total of 86.2 mg. of total nitrogen and 58.8 mg. of amino nitro- 
gen, corresponding, after correction for the added isotopic bases, to re- 
coveries of 89.6 and 98.1 per cent respectively.) 194 cc. of the solution 
were made alkaline by the addition of finely powdered Ba(OH)s, neutral- 
ized by means of COs, and, after addition of 2 volumes of alcohol, freed 
from the precipitate. The filtrate was acidified with dilute HCl, evapo- 
rated to complete dryness in vacuo, and the residue dissolved in 100 ce, 
of absolute alcohol. (The alcoholic solution of the base chlorides contained 
a total of 68.7 mg. of total nitrogen.) The derivatives of ethanolamine 
and choline were isolated, as described in the preceding section. The 
recrystallized ethanolamine 3 ,5-diiodosalicylate melted (with decomposi- 
tion) at 197-199° (corrected). 


CsHi,NO,I, (451.0). Calculated. N 3.1 
Found. “* 3.0, N™ excess 0.348 atom % 


The recrystallized choline-GHgCl, double salt melted (with decomposition) 
at 251-253° (corrected). 


C;H,,.NOCI-6HgCl, (1768.8). Calculated. N 0.79 
Found. “* 0.80, N“ excess 0.209 atom % 


On the basis of the isotope analyses the brain phosphatide preparation 


contained 0.756 per cent of ethanolamine nitrogen and 0.338 per cent of | 


choline nitrogen. 
Pig Heart Phosphatides—To a suspension of 5.0317 gm. of the phos- 
phatide sample (Preparation 5, Table I) in 120 cc. of 2 N H»SO, the isotope- 


containing bases (13.0 mg. of labeled ethanolamine nitrogen, 2.72 mg. of | 


labeled choline nitrogen) were added and the mixture was hydrolyzed for 
48 hours. The filtrate from the fatty acids was adjusted to pH 10 by the 
addition of finely powdered Ba(OH),. After 1 hour the mixture was 
neutralized by means of CO, and freed of the precipitate. The addition 
of 2 volumes of absolute alcohol to the filtrate precipitated 313.3 mg. of 
a barium salt which was almost free of nitrogen (P 4.6, N 0.18). The 
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filtrate from this precipitate was acidified with dilute HCl, completely 
evaporated in vacuo, and the residue was dissolved in 100 cc. of absolute 
alcohol. (The alcoholic solution contained a total of 61.3 mg. of total 
nitrogen, corresponding to a recovery of 64.4 per cent of the amount origi- 
nally present.) From 98 cc. of the alcoholic solution the bases were iso- 
lated in the usual manner. Ethanolamine 3 ,5-dtiodosalicylate weighed, 
after recrystallization, 533.3 mg. and melted (with decomposition) at 
197-198° (corrected). 


CsH,,NOqI, (451 0). Calculated. I 56.3, N 3.1 
Found. “* 56.3, “ 3.1, N"® excess 0.598 atom % 


The recrystallized choline-mercuric chloride double salt weighed 460 mg. 
and melted (with decomposition) at 250-251° (corrected). 


C;H,,NOCI-6HgCl, (1768.8). Calculated. N 0.79 
Found. ** 0.84, N™ excess 0.257 atom % 


The isotope analyses revealed the presence in the heart phosphatide prepa- 
ration of 0.605 per cent of ethanolamine nitrogen and of 0.367 per cent of 
choline nitrogen. 

In another experiment, designed to determine the nature of the amino 
nitrogen fraction in the final alcoholic solution of base hydrochlorides de- 
rived from the hydrolysis of the phosphatide, 11.66 gm. of the heart 
phosphatide specimen (Preparation 5, Table I) were hydrolyzed with 
250 cc. of 2 N H,SO,. The hydrolysis mixture was treated as described 
above and the base hydrochlorides were dissolved in 100 cc. of absolute 
alcohol. This solution contained a total of 106.0 mg. of total nitrogen and 
42.8 mg. of amino nitrogen, corresponding to recoveries of 57.5 and 44.2 
per cent respectively. To 35 ec. of this alcoholic solution (containing a 
total of 14.98 mg. of amino nitrogen) 20 ec. of an aqueous solution of 
isotopic ethanolamine hydrochloride (containing a total of 2.81 mg. of 
labeled nitrogen) were added and ethanolamine isolated in the customary 
way. The recrystallized ethanolamine 3 ,5-diiodosalicylate weighed 94.5 mg. 
and melted (with decomposition) at 197° (corrected). 


C,H, NOqI, (451.0). Calculated. I 56.3, N 3.1 
Found. ** 56.4, “‘ 3.0, N™ excess 0.327 atom % 


The sample subjected to the analysis by isotope dilution was found to 
contain 14.37 mg. of ethanolamine nitrogen, corresponding to 96.0 per cent 
of the total amino nitrogen present. 


DISCUSSION 


The results of the isotope dilution experiments carried out with phos- 
phatides from liver, brain, and heart are summarized in Table II which 
extends and corrects some of the data contained in a preliminary note (5). 
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It will be seen that only about two-thirds of the amino nitrogen present 
in the liver phosphatides could be accounted for as ethanolamine or amino 
acid; the non-amino nitrogen of this preparation, on the other hand, ap- 
pears to exist entirely in the form of choline. All amino nitrogen present 
in brain phosphatides and practically all amino nitrogen occurring in the 
heart phosphatides could be identified as ethanolamine and amino acid, 
The specimens from brain and heart contained, however, a large portion 
of unidentified non-amino nitrogen. In the brain phosphatides 86 per 
cent of the total nitrogen present, and in the heart phosphatides 69 per 
cent were identified. Discussion of the nature of the unknown nitrogenous 
constituents would at present be largely speculative, but it can be pointed 


TaBLe II 
Nitrogen Distribution in Phosphatides 
| e 








. } 722 | Non- | Uniden- 
Pre : — Bhsortenine | ned “wn — amino Choline N by tified 
ration Source : N by isotope | Amino acid ! : Nin |;. eine | MOM 
No.* phos dilution amino hos- |sotope dilution amino 
phatide | N phatide N 
| per | per per | i 
per cent per cent per cent per cent cent 
per cent of phos — of of S- rom of per cent of ois Be of non- 
phatide | ™"° phatide | y \amino N phatide emine “7 
1 | Pig liver 0.87 | 0.45 [51.7 | 0.11 |12.7 | 35.6 | 0.78) t {| 
4 Beef brain | 1.03 | 0.76 |73.8 | 0.37 /35.9| 0 | 0.68 | 0.34 (50.0 | 50.0 
5 Pig heart 0.83 | 0.61$)73.5t) 0.11 |13.3 | 13.2) 0.75 | 0.37 49.3 | 50.7 


* The numbers refer to Table I. 

+ All non-amino N contained in the hydrolysate was found by ‘the isotope dilution 
method to be choline N. 

t All amino N contained in the alcoholic solution of the base hydrochlorides de- 
rived from the hydrolysate was found by the isotope dilution method to be ethanol- 


amine N. 


out that the presence of unidentified non-amino compounds may in part 
be only apparent. The presence of acid amide linkages between the free 
amino group of ethanolamine (or a hydroxyamino acid) and either an or- 
ganic acid or the free acidic hydroxyl of the phosphoric acid contained 
in the phosphatides would serve to simulate the presence in the intact 
compound of non-amino nitrogen which on hydrolysis would give rise to 
amino nitrogen. While there are indications of the occurrence of such 
linkages, the evidence is not sufficient, and, in any event, this assumption 
would merely shift the uncertainty from the group of nitrogenous sub- 
stances containing non-amino nitrogen to that of compounds containing 
free amino groups. 

The amino acid content of phosphatides, summarized in Table I, de- 
serves some comment. The phosphatides from beef brain contained con- 
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siderable amounts of amino acid, a finding which confirms the results of 
Folch and Schneider (3). The contribution of the amino acid nitrogen 
to the total amino nitrogen was smaller in the phosphatide sample examined 
here (Preparation 4, Table I) than in purified brain cephalin (3), since 
in the present experiment fractionation (i.e. the removal of the alcohol- 
soluble ethanolamine phosphatide), which invariably takes place during 
the preparation of cephalin free of lecithin, was avoided. Considerable 
amounts of amino acid phosphatides were found in lung, whereas the 
phospholipids from liver and heart contained much smaller quantities. 
The egg yolk phosphatides, peculiarly enough, were free of amino acid. 
The obvious complexity of the composition of tissue phosphatides will 
make it important to reinvestigate such questions as the relative speed of 
synthesis of the individual organ phosphatides and the action of snake 
venoms in the light of recent findings. 

The experiments on the effect of storage on the analytical composition 
of phosphatides, likewise summarized in Table I, revealed profound 
changes. The iodine values, as was to be expected, and, more remarkably, 
the amino nitrogen values showed a considerable drop (with the exception 
of the specimen from brain), whereas the figures for phosphorus and total 
nitrogen remained unchanged. This seeming decrease in amino nitrogen 
obviously was not due to the destruction during storage of the constituents 
containing free amino groups, but to a masking of these groups, perhaps 
as the result of amide formation, as discussed above, since by the hydrolysis 
of aged specimens much more amino nitrogen was produced than corre- 
sponded to the intact phosphatide. A liver phosphatide sample (stored 
for 6 months), for instance, after hydrolysis yielded 19 per cent more 
amino nitrogen than was found in the unhydrolyzed preparation, and a 
heart phosphatide specimen (stored for 3 months) similarly produced an 
excess of 33 per cent of amino nitrogen. 


The authors wish to thank Mr. A. Bendich for experimental assistance 
and Mr. W. Saschek for a number of halogen analyses. 


SUMMARY 


1. The distribution of ethanolamine and choline in purified phosphatides 
from liver, brain, and heart was determined by the method of isotope 
dilution with N®. The amino acid content of these phosphatides as well 
as of samples from lung and egg yolk was likewise determined. 

2. In a preparation of pig liver phosphatides 35.6 per cent of the amino 
nitrogen could not be characterized either as ethanolamine or amino acid. 
All of the non-amino nitrogen in a hydrolysate of this phosphatide was 
found to be present as choline. 

3. In a preparation of beef brain phosphatides all the amino nitrogen 
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could be identified as ethanolamine and amino acid, whereas only 50 per 
cent of the non-amino nitrogen was accounted for as choline. 

4. In a preparation of pig heart phosphatides 86.8 per cent of the amino 
nitrogen was accounted for as ethanolamine and amino acid; only 493 
per cent of the non-amino nitrogen could be characterized as choline. 

5. The phosphatides from brain and lung were found to have the highest 
amino acid content. The egg yolk phosphatides were free of amino acid, 

6. Data on the effect of storage on phospholipid composition and a dis. 
cussion of some of the implications of the experimental results are included, 
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THE ISOLATION AND CRYSTALLIZATION OF PLANT VIRUSES 
AND OTHER PROTEIN MACRO MOLECULES BY 
MEANS OF HYDROPHILIC COLLOIDS 


By SEYMOUR 8. COHEN* 


(From the Department of Animal and Plant Pathology of The Rockefeller Institute 
for Medical Research, Princeton) 


PLATE 1 
(Received for publication, March 9, 1942) 


Tobacco mosaic virus is a nucleoprotein of high molecular weight (1). 
The question of the mode of linkage between the phosphorylated prosthetic 
group, nucleic acid, and the protein component of the virus is a problem 
common to many enzymes whose prosthetic groups are also phosphorylated. 
The lability of the linkage between the phosphatide prosthetic group and 
the protein, in the case of the thromboplastic protein from lungs (2), has 
been demonstrated by the action of heparin in displacing the phosphatide 
and in altering the physiological activity of this particular enzyme by 
attaching itself to the protein carrier (3). It was considered to be of 
interest to determine whether heparin might similarly replace the nucleic 
acid in tobacco mosaic virus. 

It was observed, however, that the addition of heparin to virus solutions 
resulted in the production of needle-shaped paracrystals, without the dis- 
placement of nucleic acid from the protein moiety. Additional experi- 
ments have demonstrated a new type of reaction between very large protein 
molecules, of which tobacco mosaic virus is an example, and hydrophilic 
colloids, such as heparin (4). Many proteins of animal and plant origin 
having molecular weights greater than 10° were precipitated by these 
hydrophilic substances. Furthermore, some of the precipitated proteins, 
depending on their particular properties, state of purity, and the specific 
precipitant, assumed crystalline form. The studies were extended to dem- 
onstrate certain practical possibilities, such as the isolation of tobacco 
mosaic virus from infectious juice and the separation of two viruses. In 
addition, experiments were undertaken to attempt to clarify the mechan- 
ism of precipitation. 

EXPERIMENTAL 
Precipitation and Crystallization of Plant Viruses—Virus preparations 


were purified by means of differential centrifugation. We are indebted to 
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Dr. C. A. Knight for preparations of strains of tobacco mosaic virus 
(TMV), including the green aucuba, yellow aucuba, masked, J14D1, and 
Holmes rib-grass strains, and cucumber mosaic virus 4 (5). Tobaceo 
mosaic, tomato bushy stunt (6), and tobacco necrosis viruses were also 
studied. Virus solutions were used at a concentration of 4 mg. per cc. in 
0.1 m phosphate buffer (pH 7.1). The precipitant, heparin, hyaluronic 
acid, or chondroitinsulfurie acid, was also dissolved in this buffer in a wide 
range of concentrations. The addition of an equal volume of the colloidal 
solution to the virus solution and the appearance of the precipitated virus 
after the mixture had stood 15 minutes at room temperature permitted the 
grouping of the viruses according to their precipitability with these re- 
agents. The results are summarized in Table I. 


TABLE I 


Precipitability of Plant Viruses by Means of Heparin, Hyaluronic Acid, 
and Chondroitinsulfuric Acid 


Concentration of colloidal anion Virus 
per cent 
2.5 Tomato bushy stunt 
Tobacco necrosis 
l Cucumber mosaic 4 
Holmes rib-grass 
>0.5 Masked 
Ji4D1 
Green aucuba 
<0.5 Tobacco mosaic 


Yellow aucuba 

The precipitation of some preparations, particularly of TMV and 
Holmes rib-grass virus, was inhibited by the presence of electrolyte. 
While the groups represented by TMV and tomato bushy stunt virus were 
always separated by a difference of precipitability, some preparations of 
viruses in the intermediate groups have exhibited precipitability which 
would place them in other groups. The effect of electrolytes will be con- 
sidered later in greater detail. 

The individual molecules of TMV, its strains, and cucumber mosaic 
virus 4, among others, are highly asymmetric (7). After solutions of these 
viruses were adjusted to the appropriate concentration of heparin, a erys- 
talline sheen, readily dispersed by stirring, appeared in the virus solutions 
within 1 minute. Microscopic examination of precipitated virus prep- 
arations of this type after the addition of heparin revealed the formation 
of paracrystals similar to those produced by the addition of salts or acids 
(8, 9). Crystallization of these viruses by means of excess reagent pro- 
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duced extremely elongated particles. Figs. 1 to 6 demonstrate the two- 
dimensional orientation produced by the addition of small amounts of 
heparin to the asymmetric viruses. 

It appeared desirable to determine the composition and the biological 
activity of one of the crystalline precipitates which were readily soluble in 
water or buffer. Since a method of purification of a precipitate involving 
re-solution might dissociate a loosely bound compound, a precipitate of 
TMV was analyzed directly, despite its content of small amounts of mother 
liquor. ‘To 7 cc. of a salt-free solution of TMV at a concentration of 19.2 
mg. per cc. were added 7 cc. of a solution containing 9.8 mg. of heparin 
perce. The pH of the mixture was approximately 7. After 15 minutes 
at room temperature, the precipitate was centrifuged for 30 minutes at 
2800 k.p.M. and the supernatant liquid was removed. The dried pre- 
cipitate weighed 135 mg. This material and the original TMV prepara- 





TaBe II 
Comparison of Tobacco Mosaic Virus (TMV) and Heparin-Precipitated Virus 
Analyses TMV | Heparin-TMV ppt. 

8, %.. -- a ey wiper 0.45 0.48 
RE Socscececcscyseregeedt ett eee ieee 2.06 2.16 
N,% ihe len cde BR 15.35 15.30 

P, %.. wie Seve: tee ae + 0.44 | 0.40 
Szo* ee | 180; 200 | 187; 201 
Virus activity at 10-5 gm. per ce.f...........| 12 | 13 


| 


* In Svedberg units, i.e. 10-" em. per second per unit field. 
t Average number of lesions per half leaf on plants of Phaseolus vulgaris L. 


tions were analyzed by Dr. A. Elek of the Rockefeller Institute. A precip- 
itate, similarly formed, was redissolved in 0.1 mM phosphate buffer at pH 7.1 
and was examined at a concentration of 3.8 mg. per cc. in the analytical 
ultracentrifuge by Dr. M. A. Lauffer. The preparation showed the same 
double boundary and sedimentation constants as the original virus solu- 
tion. Tobacco mosaic virus in a heparin solution of concentration in- 
sufficient to precipitate the virus completely was examined in the electron 
microscope through the courtesy of Dr. T. F. Anderson, RCA Fellow of 
the National Research Council. The observed virus particles appeared 
similar to those of normal TMV (10). 

Another preparation of TMV precipitated by means of heparin was 
tested for virus activity at 10-5 gm. per cc. on twenty-four half leaves of 
Phaseolus vulgaris L. (11) against a standard of the original TMV solution. 
The redissolved virus protein showed no apparent loss of activity. The 
analytical data are summarized in Table II. The heparin preparation had 
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a sulfur and nitrogen content of 10.77 per cent and 2.08 per cent, respee- 
tively. From the S and N determinations, the maximal content of heparin 
in the precipitate might be 0.3 per cent. The analytical techniques so far 
developed are inadequate to indicate whether the small amounts of heparin 
are chemically combined or are a physically admixed impurity. 

The considerable difference of concentrations of heparin required to 
precipitate tobacco mosaic virus and tobacco necrosis virus was employed 
in the successful separation of these viruses from the juice of tobacco plants 
bearing a mixed infection (12). The procedure used will be presented in 
a later paper. 

It was of interest to attempt the crystallization of tomato bushy stunt 
virus, which crystallizes from solutions of ammonium sulfate as dode- 
cahedra (13,6). 4 ce. of an 8 per cent heparin solution were added to 3 ee. 
of a solution of tomato bushy stunt virus containing 7.1 mg. per ec. After 
24 hours at 22°, a small amount of precipitate appeared, of which one-third 
consisted of non-birefringent prisms. On being chilled at 4° for another 
24 hours, the amorphous material redissolved, while the crystals already 
present acted as seed for the further crystallization of the virus. The 
crystal form of this virus is shown in Fig. 7. 

The precipitate was centrifuged at 4° and retained the same type of 
crystallinity after being washed with cold 26 per cent ammonium sulfate 
solution. The residue readily dissolved in 3 ce. of water and the solution 
was centrifuged. The supernatant liquid was analyzed for carbohydrate, 
phosphorus, and biological activity. The activity of this solution, esti- 
mated at 1.4 X 10-* gm. per ec. by the half leaf method on Nicotiana 
glutinosa L., was not significantly different from that of the original 
preparation at the same concentration. Carbohydrate was determined by 
the orcinol reaction (14), a method in which heparin yields 50 per cent of 
its weight as carbohydrate and virus nucleic acid 66 per cent of its carbo- 
hydrate content (15). The solution contained 0.090 mg. of carbohydrate 
and 0.027 mg. of phosphorus per ec. (16). If heparin were combined with 
virus, the compound should have a high carbohydrate content. The 
carbohydrate to phosphorus ratio of tomato bushy stunt virus is normally 
1, due to its content of nucleic acid (6). Since a carbohydrate to phos- 
phorus ratio of 0.85 was obtained by correcting the apparent pentose 
content by the factor 1.5, it was concluded that very little or no heparin 
was bound in the prisms described above. 

Isolation and Recovery of Crystalline Tobacco Mosaic Virus from Tobacco 
Juice—The juice of a mosaic-diseased Turkish tobacco plant was centri- 
fuged at 3000 r.p.m. for 30 minutes and the clarified juice was subjected to 
four precipitation cycles at concentrations of heparin of 2, 1.5, 1, and 0.5 
per cent, respectively. After the third cycle, the virus solution was com- 
pletely colorless and could be crystallized readily. 
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19.0 mg. of TMV were added to 10 cc. of juice from a healthy Turkish 
tobacco plant. Four precipitation cycles as described above resulted in 
the recovery of 75 per cent of the added virus in the usual crystalline form. 

Other Colloids Effective in Crystallization of Tobacco Mosaic Virus—The 
following compounds in order of decreasing effectiveness crystallized 
purified TMV in 0.1 m phosphate buffer at pH 7.1: agar, gelatin, gum 
ghatti, gum arabic, thymus nucleic acid, soluble starch. The approximate 
minimal effective concentrations were 0.25, 0.5, 1.0, 1.0, 1.0, and 3 per cent, 
respectively. Since the isolation of the virus from juice by means of 
heparin appears to be specific and results in good yields, duplication of the 
isolation with one of these inexpensive reagents would be of considerable 
value. Although none of the practicable compounds was as effective as 
heparin or hyaluronic acid, gum arabic, for one, was of value in concen- 
trating virus rapidly. Starting with infectious juice, four precipitation 
eyeles at concentrations of gum arabic of 4,3, 2, and 1 per cent, respectively, 
resulted in colorless amorphous virus preparations containing excess carbo- 
hydrate. The carbohydrate was readily removed by one sedimentation 
of the virus in the ultracentrifuge to yield a crystallizable preparation. 

Importance of Charge of Colloid and Added Electrolyte in Precipitating 
TMV—Heparin (4), hyaluronic acid (17), and chondroitinsulfurie acid 
(18) are similar in structure. Their basic unit, consisting of acetylated 
hexosamine linked to hexuronic acid, is polymerized to an unknown extent. 
In the case of heparin, the unit is a polysulfurie acid ester, while chon- 
droitinsulfurie acid contains a mole of sulfuric acid per mole of hexosamine. 
Hyaluronic acid does not contain sulfuric acid. Although all three com- 
pounds are anionic at pH 7, their magnitude of charge decreases in accord 
with their content of sulfuric acid in the order heparinate > chondroitin- 
sulfate > hyaluronate. Inasmuch as the salting-out of proteins by such 
compounds as ammonium sulfate is a function of the ionic strength of the 
salt solution (19), and hence of the magnitude of charge, a quantitative 
study of the precipitation of TMV by these colloidal anions should indicate 
the relationship of the mechanism of precipitation to the common salting- 
out procedure. 

0.2 cc. aliquots of TMV containing 0.67 mg. of N were added to 0.8 ce. 
of solutions of the three colloidal anions at concentrations varying from 0.1 
to 0.7 per cent in water at about pH 7 or 0.1 M phosphate buffer at pH 7.1. 
The mixtures were kept at 4° for 16 hours and then centrifuged. The 
precipitates were analyzed for nitrogen by the Kjeldahl method. From 
the data, which are summarized in ‘Text-fig. 1, two conelusions may be 
drawn: (1) the precipitation of TMV by the three colloids is apparently 
not a function of the magnitude of charge of the particular colloid, and 
hence the mechanism of the reaction appears to be dissimilar to salting-out, 
and (2) whereas precipitation of this preparation of TMV by heparinate 








358 COLLOID EFFECT ON MACRO PROTEINS 


and hyaluronate is inhibited by 0.1 m phosphate, electrolyte assists the 
precipitation by means of chondroitinsulfate. The same effects were 
observed with 0.1 mM sodium chloride. It is not considered that the slight 
differences of pH caused the gross differences in precipitability, since 
precipitation of TMV by 0.5 per cent heparinate was approximately 
maximal over a wide pH range. 

The precipitation of TMV by starch did not occur in the absence of 
electrolyte. Maximal precipitation occurred with 0.1 mM phosphate and 
5 per cent starch, or with 0.5 m phosphate and 2 per cent starch. The 
precipitation of TMV by gelatin was greatly aided by added electrolyte, 
and the inhibition by 0.1 m electrolyte in the case of heparinate, hy- 
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Text-Fic. 1. Precipitation of tobacco mosaic virus at pH 7 by means of colloidal 
anions varying in magnitude of charge in the order heparinate > chondroitinsulfate> 
hyaluronate. 


aluronate, and gum arabic was overcome by the addition of more elee- 
trolyte. 

Action of Hyaluronidase on TMV Precipitated by Hyaluronic Acid—The 
products formed by the hydrolysis and depolymerization of hyaluronic 
acid by hyaluronidase (20) failed to precipitate TMV. When 0.5 ce. of a 
solution of TMV containing 5.02 mg. per cc. was mixed with 0.5 ce. of 1 
per cent hyaluronic acid, and the system made 0.1 mM with respect to 
dipotassium phosphate to give a pH of 6.0, an immediate precipitate of 
virus formed. Incubation of this mixture for 18 hours at 37° did not 
result in solution of the virus. When, however, 1 mg. of hyaluronidase 
flavianate was added to a similar tube and the mixture incubated for 18 
hours at 37°, a clear solution resulted. The virus could be reprecipitated 
from this solution by the addition of hyaluronic acid. 
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Precipitability of Animal Proteins and Crystallization of a Snail Hemo- 
cyanin by Means of Heparin—It was observed that certain proteins of 
comparatively low molecular weight, such as edestin, gelatin, and pepsin, 
were not precipitated by heparin at concentrations up to 10 per cent. 
Very large proteins of animal origin, such as the cytoplasmic inclusions, 
animal viruses, and hemocyanins, were then tested. None of the materials 
was as readily precipitated as TMV. In Table III, which summarizes the 
results, the proteins are arranged in order of increasing molecular weight, 
the range being approximately 10® to 108. A close relation between the 
molecular weight of the proteins studied and their precipitability was not 
indicated. 








Tasie III 
Precipitation of Animal Protein Macro Molecules by Heparin 
Precipitability* 
Preparation | — = c 
Immediate 1 hr. 24 hrs. 
Influenza virus............... xk tie aman 10, — / 10, - 10, - 
Limulus hemocyanin.......................-| 5,—  bs- 5, - 
Snail hemocyanin (Viviparus malleatus).....| 5, — b+ 4,+ 
Buscycon hemocyanin..............-...se0:: | 5,+ 3.7, + 3, + 
Guinea pig liver particles (pink)....... ey 6.6, + 6, + 5, + 
Amphiuma liver particles (small)............| 6.6, + | 5,+ 
SS er ere eee err ere 10, + | 5,- | 5+ 
Guinea pig liver particles (white).......... 10, -— 10, — 10, — 
Mouse kidney particles...................... 10, — | 10,- 10, + 


* The numerical figure represents the percentage of heparin concentration which 
was tested. + represents precipitation; — represents absence of precipitation. 


Of the nine preparations examined in this manner, only the hemocyanin 
of a snail, Viviparus malleatus, was observed to crystallize. To 0.1 ce. of 
protein solution containing 0.50 mg. of N per cc. was added 0.1 cc. of a 10 
per cent heparin solution. When this solution was allowed to stand over- 
night at room temperature, small hexagonal plates shown in Fig. 8 sep- 
arated. This material was soluble in water and in dilute heparin solutions. 
The crystallization was repeated readily. 

DISCUSSION 

The evidence which has been presented does not permit a well founded 
hypothesis to be advanced concerning the reason for the precipitation. In 
the case of the asymmetric tobacco mosaic virus and the spherical tomato 


bushy stunt virus, there is no evidence that heparin combines with either 
protein. In addition, measurements of the surface tensions and viscosities 
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of solutions from which the virus has been crystallized have not indicated 
a correlation between precipitability and these physical properties. 

Since the pH at which the precipitation may be carried out is one at whieh 
both protein and colloid are anionic, this phenomenon appears to be 
different from a salt-like combination of colloids which usually takes place 
when the net charges of the two substances are opposite in sign. Examples 
of this latter type of reaction are the chondroitinsulfate-egg albumin 
system (21) and the TMV-ribonuclease precipitation (22). There is 
electrophoretic evidence, however, of interaction between heparin and 
serum albumin without precipitation at a pH at which both substances are 
anionic (23). The comparative unimportance of the magnitude of the 
charge of the colloid has been demonstrated by several different types of 
experiments: (1) the greater efficacy of hyaluronate over chondroitin- 
sulfate, (2) the inability of the depolymerization products of hyaluronate 
to precipitate TMV, and (3) the dual requirement of a comparatively 
uncharged carbohydrate such as soluble starch and electrolyte to crystal- 
lize TMV. However, it is clear that the ion atmosphere of the medium 
‘annot be neglected. 

It is possible that the precipitation and crystallization tn vitro of asym- 
metric macro molecules and other proteins may be similar to many types 
of phenomena observed in normal and pathological conditions. It is 
known that hyaluronic acid exists in relatively high concentrations in 
fluids associated with various tumors, some of which have a virus as causa- 
tive agent (24, 25), and that considerable amounts of heparin are ap- 
parently localized in the cells of the reticulo-endothelial system (26, 27) 
and are liberated into the blood stream in peptone shock and anaphylactic 
shock (4). These facts would lead one to expect that these substances may 
play a réle in the orientation of cytoplasmic particles and macro molecular 
solutes within the cell, in the sedimentation rate! and clumping of blood 
cells and bacteria, and in connection with other problems in which the 
organization of living tissues in definite spatial relationships is of im- 
portance. 


The author is greatly indebted to Dr. W. M. Stanley for many sugges- 
tions during the course of this work. He likewise acknowledges indebted- 
ness to Roche-Organon, Inc., for an ample supply of heparin, to Dr. K. 
Meyer of Columbia University for preparations of hyaluronic acid and 
hyaluronidase flavianate, to Dr. L. A. Chambers and Dr. W. Henle of the 


1 Dr. T. Shedlovsky has recently informed the author that the sedimentation rate 
of red blood cells is markedly increased by pneumococcus polysaccharides and 
hyaluronic acid. The effect produced by hyaluronic acid may be reversed by 


hyaluronidase. 
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University of Pennsylvania for preparations of influenza virus and mouse 
kidney particles, to Dr. W. C. Boyd of Boston University for the hemo- 
eyanin preparations, to Dr. A. Claude of the Rockefeller Institute for 
preparations of guinea pig liver and Amphiuma liver particles, and to Dr. 
E. Chargaff of Columbia University for a preparation of beef lung particles. 


SUMMARY 


The precipitation of various protein macro molecules, such as plant 
viruses, hemocyanins, etc., by means of hydrophilic colloids is described. 
The applications of this reaction, in (1) the crystallization of tobacco mosaic 
virus (TMV) and its strains, tomato bushy stunt virus, and a snail hemo- 
eyanin, (2) the separation of two plant viruses, and (3) the rapid isolation 
of erystalline TMV from infectious juice, are described. Tomato bushy 
stunt virus was found to assume a new crystalline form in the presence of 
heparin. The precipitation of TMV and tomato bushy stunt virus by 
means of heparin at pH 7 does not seem to involve chemical combination. 
The effect of electrolytes and the charge of three colloids of similar structure 
on the precipitation of TMV was examined. Other properties of the col- 
loids are considered in relation to the precipitation of TMV. 
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EXPLANATION OF PLATE | 


Fic. 1. Crystallization of tobacco mosaic virus in 0.50 per cent heparin solution, 





x 716. 
Fig. 2. Crystallization of yellow aucuba virus in 0.50 per cent heparin solution, 
x 716. 
Fic. 3. Crystallization of green aucuba virus in 0.67 per cent heparin solution. 
x 716. ) 
Fig. 4. Crystallization of J14D1 virus in 0.67 per cent heparin solution. X 716. 


4 
Fic. 5. Crystallization of masked virus in 0.67 per cent heparin solution. X 716, 
Fig. 6. Crystallization of cucumber mosaic virus 4 in 2.50 per cent heparin solu- 
tion. X 716. 
Fic. 7. Crystallization of tomato bushy stunt virus in 4.6 per cent heparin solu- 
tion. X 716. 
Fig. 8. Crystallization of snail hemocyanin in 5.0 per cent heparin solution. 
< 716. (Photographs by J. A. Carlile.) 
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MICROESTIMATION OF POTASSIUM IN BLOOD SERUM WITH 
THE AID OF ELECTRODIALYSIS 
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Small amounts of potassium in blood serum are usually determined 
titrimetrically by (1) precipitating it as the potassium cobaltinitrite, (2) 
adding an excess of oxidant, (3) titrating the excess with a reductant. The 
most commonly employed oxidant for this purpose was potassium per- 
manganate (1, 2). More recently the advantages of ceric sulfate were 
pointed out by several groups of workers (3-5). Ceric sulfate is more 
stable on standing and does not undergo spontaneous reduction during the 
oxidation of the cobaltinitrite, which requires heat. It is also less likely 
to be reduced by random organic matter and dust. For these reasons the 
sensitive iodometric micromethod, with ceric sulfate, was further investi- 
gated, the object being to determine potassium in small amounts of serum 
and other biological material. This method was developed by Kaye (5), 
in our laboratory, for inorganic solutions of potassium chloride containing 
from 20 to 120 y of potassium. 

The method was at first applied directly to 0.2 ml. of serum without 
ashing. In studying the recoveries of known added amounts of potassium, 
we observed that the ceric sulfate had to be more than 70 per cent in excess 
of the theoretical amount for obtaining the maximum titrimetric equivalent 
of the potassium cobaltinitrite. In contrast to this a 10 per cent excess 
was sufficient for the complete titrimetric evaluation of the potassium 
cobaltinitrite precipitate obtained from inorganic solutions. With more 
than 70 per cent excess of ceric sulfate, recoveries of known amounts of 
potassium added to serum were excellent, well within the error of the 
method. Thus on the basis of this circumstantial evidence the method 
appeared to be valid when applied to serum. 

However, when the values cbtained were examined, there was one dis- 
turbing factor. The normal values were lower than those found in the 
literature, values of 20 mg. per cent or higher being rarely obtained. For 
this reason and because the estimation of potassium in serum in careful 
studies is preceded by ashing, it was decided to compare the values ob- 
tained directly in serum with those after the removal of the organic con- 
stituents. 

To remove the organic constituents, electrodialysis was employed instead 
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of the usual methods which employ heat. The advantages of this proce- 
dure for the estimation of sodium in biological materials were pointed out 
by Sobel, Kraus, and Kramer (6). In the case of potassium, wet ashing at 
a relatively low temperature cannot be employed because ammonium salts 
must be removed. In dry ashing losses occur due to the relatively high 
volatility of potassium salts (7,8). To overcome this, solid ashing aids are 
added (7-9). However, the addition of solid ashing aids introduces the 
question of potassium contamination from the added reagents, an espe- 
cially important consideration when very small amounts of potassium are 
being estimated. In electrodialysis, the apparatus and reagents are first 
cleaned by the passage of an electric current and thus a reagent blank is 
eliminated. The whole process takes place at low temperatures and thus 
loss of potassium is prevented. 

On comparing the serum potassium values before and after electrodialy- 
, we were able to obtain evidence indicating that the precipitation of 
potassium as the cobaltinitrite is incomplete when applied directly to 


SIS 


serum. 
EXPERIMENTAL 


Estimation of Potassium before Electrodialysis—This was carried out as 
described by Kaye (5), except that 0.2 ml. of solution was used to which 
0.3 ml. of distilled water was added instead of starting with 0.5 ml. of 
solution. In the case of serum and recovery studies 2.0 ml. of 0.01 N ceric 
sulfate were employed to assure more than 70 ver cent of excess oxidant. 
In the recovery studies 0.2 ml. of serum was measured out, to which 0.3 ml. 
of potassium chloride solution was added instead of distilled water contain- 
ing a known amount of potassium. The empirical factor used in the 
calculations was redetermined at regular intervals and with each new batch 
of reagents. 

Estimation of Potassium after Electrodialysis The method and apparatus 
for electrodialyzing serum are essentially those described by Keys (10) and 
Sobel, Kraus, and Kramer (6) with some modifications in technique. An 
apparatus may be easily constructed with materials around the laboratory 
for twelve to twenty-four simultaneous electrodialysis units with the aid 
of an outside resistance. 

The electrodialysis apparatus is set up with 5 ml. of doubly distilled 
water in the outer chamber and 5 ml. of approximately 0.01 N HCl (redis- 
tilled in an all-glass still and diluted with doubly distilled water) in the 
inner cathode chamber. The outer chamber consists of a tube containing 
a piece of sealed-in platinum wire. Mercury is placed in this tube so as to 
cover the bottom of the tube. The inner chamber is a tube open at both 
ends. At one end a piece of du Pont cellophane No. 300 is stretched 
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tightly and held in place with a rubber band. The other end is left open 
for an electrode. About } inch of mercury is placed on the cellophane (or 
more if necessary) to cover the tip of the electrode which is inserted into 
the cathode chamber. The electrode consists of a long, small bore glass 
tube with a sealed-in platinum wire. 

In order to eliminate a blank value, a preliminary dialysis is run on 5 ml. 
of doubly distilled water. The dialysis is run for an hour, at the end 
of which time the inner tube is removed, washed three times with doubly 
distilled water, the mercury being shaken each time, and then refilled with 
5 ml. of approximately 0.01 N HCl. The dialyzed water is left in the outer 
chamber to serve as a diluent in the subsequent electrodialysis. The 
liquid to be dialyzed was added to this chamber. 

Dialysis was conducted on all solutions for about 15 minutes at maximum 
resistance of the rheostat in the circuit; then the resistance was cut to the 
minimum and the dialysis proceeded for 3 hours or more. At the end of 
the dialysis, the current was shut off and the inner chamber was removed. 
The mercury in it was shaken to break the mercury-base amalgam formed 
and the supernatant liquid was carefully aspirated into a 25 ml. Erlenmeyer 
flask. The chamber was then washed with 1 ml. of doubly distilled water 
and the washing aspirated into the flask. This was repeated four times, 
five washings in all. All the flasks were then placed in a 100-105° oven 
until dry. (The usual practice was to keep the flasks in the oven over- 
night. ) 

After cooling under a bell jar, doubly distilled water was added to each 
flask so as to make the volume of solution in the flask exactly equal to the 
volume of serum or known solution that was electrodialyzed for that 
particular flask. All solid material in each flask was thoroughly dissolved. 
0.2 ml. of aliquot was used to which 0.3 ml. of distilled water was added 
and analyzed for potassium according to the Kaye method (5). 

For the analysis of serum, 1.0 ml. of specimen was electrodialyzed and 
two 0.2 ml. portions analyzed for potassium. The rest of the dialysate 
was often employed for the analysis of sodium. In the comparative stud- 
ies, 2.0 ml. of serum were electrodialyzed, 1 ml. of this being employed for 
the analysis for the presence of ammonia to rule out the possibility of a 
breakdown of protein into ammonia. The analysis for ammonia was 
carried out by a modification of the micro-Kjeldahl method (11, 12). 


Results 


The values obtained in 67 determinations on inorganic solutions of po- 
tassium chloride containing 40.0 y of potassium, measuring 0.2 ml. of solu- 
tion, are as follows: potassium found 40.6 y, average deviation +0.82 y, 
standard deviation +0.93 y. As shown above, good results are ob- 
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tained for known inorganic solutions, the average error being +0.6 y 
of potassium, which is 1.50 per cent of the total value, while the average 
deviation of the mean is 2.06 per cent of the total value, and the standard 
deviation is 2.48 per cent of the total value. These criteria indicate a good 
degree of precision and accuracy, considering the small amounts involved, 

Recoveries in 51 determinations of known amounts (32.00 y) of potas- 
sium added to serum when a sufficient excess of ceric sulfate was employed 
are 32.14 y for potassium, average deviation +0.51 y, standard deviation 
+0.69 y, values well within the error of the procedure. 

Table I presents recoveries of potassium added to serum when only a 
slight excess of ceric sulfate is used in the titration. As may be readily 
observed, the values are less than those expected in the case of serum, 
while for inorganic solutions the values are within the experimental error 


TaBLe I 
Estimation of Potassium with Slight Excess of Ceric Sulfate 
1 ml. of ceric sulfate = 69.5 y of K. The values are expressed in micrograms. 





Specimen K found K calculated* 

NN Mies. s 53 acts ita cae da Sec tbe’ Reel cubes False 43.8 56.8 
EE SE OTT Hae ET en ree | 52.0 57.4 
EEE ee Ae en arr e Are 41.6 54.2 
igs : eee pa vames 50.8 53.6 
Inorganic KC] Solution 1... NE ee 60.0 60.0 
- - a2 Mvdesns Tee soak 60.0 60.0 
oe “ PA GBS ordi cab Peach Pansts 59.6 60.0 
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59.2 60.0 
* Calculated as original serum K found + 25 y of K added. 


of the method. Thus the need for a greater excess of ceric sulfate is dem- 
onstrated for the titration of the potassium cobaltinitrite precipitated from 
serum as compared to inorganic solutions. 

The values obtained on the estimation before and after electrodialysis 
are presented in Table IT. 

As may be seen in Table II the mean values for serum potassium before 
electrodialysis are 10.4 per cent lower than those found after electrodialysis. 
This difference is statistically significant, P being approximately 10~$ (13). 
In contrast to this difference the mean values of inorganic solutions as well 
as for known amounts of potassium added to serum are similar before and 
after electrodialysis. 

A 1 ml. (representing 1 ml. of serum) portion of the electrodialysate in 
each of the above experiments was examined for the presence of ammonia 
to determine whether during the presence of electrodialysis some ammonia 
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isreleased. The presence of ammonia gives rise to higher values, since the 
ammonia precipitates as the sodium ammonium cobaltinitrite. All 
dialysates were found to be negative with respect to ammonia. The 
sensitivity of the micro-Kjeldahl method was tested by adding NH; to a 
volume of indicator-boric acid solution such as would result from distilla- 
tion. It was found that as little as 1.7 y of NH; changed the indicator 
visibly. To ascertain further the ammonia interference, ammonia- 
potassium solutions were made up containing 2.55 y of NH; and 35.0 y of 
potassium in absolute amounts. In six determinations the average potas- 
sium found was 34.7 y and the average deviation was +0.43 y. These 


TaB.e II 
Estimation of Potassium before and after Electrodialysis 
The values are expressed in micrograms. 























K found in serum | Added  coegne from K found in KCI solutiont 
Serum No. a. : est shi dl 
Before After Before | After Before After 
1 32.0 35.7 | 34.0 | 343 | 34.4 35.0 
2 32.4 36.7 | 36.0 | 35.0 35.0 
3 32.2 34.3 36.6 | 349 | 365.1 34.7 
4 32.7 39.1 34.6 | 35.5 | 34.6 34.3 
5 37.0 | 41.2 | 378 | 34.8 | 35.6 34.9 
6 29.0 33.6 | 35.2 | 35.1 35.4 
7 68.1 69.5 34.8 | 34.6 35.8 34.5 
8 34.1 41.3 34.4 | 34.5 | 35.2 | 35.0 
_— “ ? —— . eS _ | | 
Mean..... 37.1 41.4 | 354 | 350 | 35.1 | 34.9 
Pt........| 10°-* (approximate) | | 
* 35 y added. 


+ 35 y present. 
t P = probability that the difference between the means is due to chance. 


results indicate that NH; in small amounts does not interfere with the 
determination of potassium by the present method. Thus, this is addi- 
tional evidence that the increased values following electrodialysis represent 
the potassium values rather than ammonia interferences. 


DISCUSSION 


In the electrodialysate employed for potassium analysis there is only a 
single anion present which depends upon the acid employed to trap the 
cation. This is of theoretical advantage in obtaining a cobaltinitrite 
precipitate of more constant composition which otherwise may be in- 
fluenced by the variable mixture of anions, (such as sulfates, phosphates, 
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chlorides, carbonates) present in the ash of biological material obtained by 
the hitherto available methods. Furthermore, Harrison and Darrow (14) 
mention the desirability of removing phosphate for the estimation of the 
potassium as the potassium chloroplatinate because a gummy precipitate 
forms on the addition of aleohol which it is almost impossible to wash free 
of contaminants. When the potassium is determined as the potassium 
silver cobaltinitrite, the removal of chlorides is necessary (15). This may 
be accomplished by employing acetic or sulfuric instead of hydrochlorie 
acid to trap the cations in the electrodialysis. 

The method of electrodialysis is applicable in cases in which there are 
large amounts of ammonium ion present, ¢.e. urine. The ammonium ion 
may be removed according to Consolazio and Talbott (16) by a preliminary 
passage of electric current with only a platinum cathode without any 
membrane. Following this step the electrodialysate will be free of am- 
monium ions and may be employed for the estimation of potassium. 

The completeness of electrodialysis has been demonstrated for red blood 
cells (16) and such electrodialysate could be advantageously employed 
for the estimation of potassium. 


SUMMARY 


Several advantages of electrodialysis as a preliminary step in the esti- 
mation of potassium have been demonstrated. As compared to ashing, 
loss of potassium due to volatilization is prevented. Contamination due 
to ashing aids is eliminated. Expensive quartz, nickel, or platinum vessels 
are not required. Truer values are obtained than when the method is 
applied directly to serum, the values being approximately 10 per cent 
higher following electrodialysis. This was not due to ammonia contamina- 
tion, since the dialysate was free of ammonia. Furthermore, small 
amounts of ammonia did not interfere with the method employed in con- 
junction with electrodialysis. There is only one anion present in the 
electrodialysate, a fact that is at least of theoretical advantage in obtaining 
a cobaltinitrite precipitate of more constant composition. In this method 
the potassium cobaltinitrite precipitate was determined by the sensitive 
iodometric evaluation of the excess ceric sulfate which was used as the 
oxidant. 
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Carbonic anhydrase is an enzyme which catalyzes both phases of the 
reversible reaction H,CO; = CO, + H:,O. The presence of this enzyme 
in mammalian red blood corpuscles was first demonstrated by Meldrum 
and Roughton (1) and independently by Stadie and O’Brien (2). Since 
chemical work on the enzyme has been reviewed in recent publications 
(3, 4) from these laboratories, we shall not deal here with the many valuable 
contributions which have been made by various workers in this field. 

Carbonic anhydrase prepared by the methods used here is a light, white, 
amorphous hygroscopic powder containing approximately 8000 units of 
activity per mg. when tested according to the method already described 
(3). It is a protein having a nitrogen content of 15.9 per cent and a zinc 
content of 0.15 per cent (4). Adsorption, electrodialysis, or fractionation 
with inorganic salts and solvents did not result in any marked increase in 
the activity of this product. Consequently it seemed possible that the 
preparation was a pure, or almost pure, substance. Efforts were therefore 
made to prepare the enzyme in crystalline form. Early attempts at crys- 
tallization involved the use of such inorganic salts as ammonium sulfate, 
magnesium sulfate, and sodium sulfate. A wide range of acidities and 
temperatures was used but the precipitates which formed with the various 
salts were amorphous. There were, however, two properties of carbonic 
anhydrase which it was thought might be helpful in securing a crystalline 
preparation of the enzyme. In the first place this enzyme, as shown by 
Meldrum and Roughton (5) and confirmed by Scott and Mendive (4), is 
remarkably stable to alkaline solutions and, secondly, the enzyme contains 
zine (6), a metal which forms complex salts with ammonia and certain other 
basic substances. It was accordingly decided to investigate the effect 
of ammonia in an alcoholic solution of the enzyme. However, the enzyme 
proved to be unstable in 40 per cent and insoluble in 60 per cent ethyl 
alcohol. By treating a concentrated solution of the enzyme with potassium 
dihydrogen phosphate, alcohol, and chloroform a product was obtained 
which was completely soluble in a slightly ammoniacal solution of 99 per 
cent ethyl alcohol. Moreover, there was no evidence of a decrease in 
potency of an alcoholic solution of the purified material during a period of 
24 hours storage at room temperature if the diluted test solutions were al- 
lowed to stand for a few hours before the tests were made. It was thought 
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that precipitation of the enzyme might be effected if dry ammonia gas wag 
bubbled through the alcoholic solution at 0°. However, no precipitate 
formed. When ether was added to alcoholic solutions of the enzyme, a 
faint opalescence was produced. If dry ammonia was then bubbled 
through such suspensions, a completely crystalline preparation was ob- 
tained (7). The product settled firmly to the bottom of the centrifuge 
tube in which it was prepared. When the suspension was gently agitated, 
a very marked sheen was produced. Microscopic examination showed 
that the product consisted of crystals having a plate-like appearance. The 
crystals were readily soluble in water and contained over 80 per cent of the 
original enzyme activity. In order to obtain a completely crystalline 
preparation of the enzyme, the observance of certain conditions appeared 
essential. The most satisfactory concentration of ether was about 30 per 
cent. The concentration of water must be as low as possible, certainly not 
over | per cent. The ammonia should be added to the ether-alcohol sus- 
pension of the enzyme as soon as possible after its preparation. The ex- 
periments should be conducted at temperatures not above 0°. 

Crystals similar to those already described were also prepared by passing 
dry ammonia into a solution of carbonic anhydrase in 99 per cent acetone 
or by adding ammoniacal acetone to an ammoniacal aqueous solution of 
the enzyme. As alternatives to ammoniacal acetone, dilute solutions of 
methylamine or trimethylamine in acetone can be used in the production 
of crystalline preparations of carbonic anhydrase. 

Although a crystalline product could be obtained under the experimental 
conditions prescribed above, it was desirable to continue the work with the 
object of producing larger crystals with a more sharply defined outline. 
It was anticipated that this might be accomplished by recrystallization. 
Accordingly, a sample of enzyme was first crystallized from ammoniacal 
acetone, then dissolved in water, and the solution evaporated to dryness 
in vacuo over calcium chloride. On attempting to dissolve the residue, we 
found that approximately 5 per cent of the material was insoluble. Re- 
crystallization of the soluble portion of the residue did not alter the ap- 
pearance of the crystals. An aqueous solution of these crystals was 
dried. As before, the product obtained by drying was not completely 
water-soluble. On the other hand, the residue obtained on evaporation of 
an aqueous solution of a non-crystalline preparation of enzyme was wholly 
soluble. Accordingly it seemed probable that the ammonia had not com- 
pletely dissociated from the enzyme when the crystals were dissolved in a 
small amount of water and that the insoluble material was a compound of 
carbonic anhydrase and ammonia. If this assumption was correct, it was 
thought it might be possible to prepare other compounds of carbonic an- 
hydrase by evaporating an aqueous solution containing the enzyme and a 
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basic substance. It was hoped that some of these new compounds might 
occur in crystalline form. The first basie substance tried was pyridine. 
When the enzyme-pyridine solution was evaporated, a non-crystalline 
product was obtained. However, when piperidine was added to a solution 
of the enzyme and the mixture evaporated, a completely crystalline product 
was obtained. Amines having a boiling point near that of piperidine are 
n-amylamine and isoamylamine. When solutions of the enzyme and either 
of these amines were evaporated at room temperatures, completely erys- 
talline precipitates were also obtained. The experimental work on 
carbonic anhydrase will now be described in detail. 


EXPERIMENTAL 


To test the biological activity of the enzyme the procedure described in 
a former communication (3) was followed. The method is fundamentally 
the same as that used by Meldrum and Roughton (5). For test purposes 
the enzyme preparations always contained approximately 0.05 per cent 
peptone. Several gm. of the enzyme were prepared by a method which 
was essentially the same as that formerly described (3). The dried 
enzyme contained approximately 8000 units per mg. Weighed samples 
of the preparation were removed from the stock preparation for use in the 
experiments outlined below. 

The object of Experiments 1 and 2 was to obtain an enzyme preparation 
which would be both soluble and stable in ammoniacal ethyl alcohol. The 
activity, ash, zine, and nitrogen content of such a product would be de- 
termined. It was planned to use the preparation to prepare crystals by 
various methods. 

Experiment 1—0.5 gm. of carbonic anhydrase was weighed into a small 
beaker. To this were added 8 cc. of a 1 per cent solution of potassium 
dihydrogen phosphate and 2 ec. of ethyl alcohol. A small amount of 
material remained undissolved. The mixture was then transferred to a 
15 ce. centrifuge thimble, well shaken, and placed in the refrigerator. 
After 1 hour, 2 cc. of chloroform were added and the tube violently shaken. 
After 24 hours more insoluble material separated and the mixture was 
centrifuged in the cold. The supernatant enzyme solution was poured into 
another centrifuge thimble and again placed in the refrigerator. To this 
solution were added 2 ec. of aleohol and 2 ce. of chloroform. The solution 
was again violently shaken and left standing for 24 hours. It was then 
centrifuged in the cold and the supernatant alcohol-enzyme solution trans- 
ferred to a small cellophane dialyzing bag. Dialysis was carried out at 
room temperature against running distilled water for 48 hours. The 
volume after dialysis was 22 ce. 12 ec. of this solution were dried in vacuo 
in a platinum crucible and the total solids determined. ‘To the residue a 
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few drops of 5 N sulfurie acid were added and the material was heated and 
the ash content determined. The ash was dissolved in normal acetic acid, 
the solution transferred to a 15 ec. centrifuge thimble, and the acidity 
neutralized by the addition of ammonium hydroxide. The zine content 
was then estimated by the method of Sahyun and Feldkamp (8). The 
ash content of the dried enzyme preparation was 0.3 per cent and the zine 
content was 0.22 per cent. Potency determinations on an aliquot of the 
enzyme solution showed it to contain 10,000 units per mg. of solids. The 
nitrogen content was 15.8 per cent in terms of the solids. 

Experiment 2—This experiment was very similar to Experiment 1. It 
was thought that perhaps a product might be obtained having a lower zine 
content if a mixed phosphate buffer was used instead of dipotassium hydro- 
gen phosphate. Accordingly a phosphate buffer solution was prepared by 
dissolving 0.6 gm. of sodium dihydrogen phosphate and 1 gm. of dipotas- 
sium hydrogen phosphate in 500 ec. of water. The pH of this solution was 
7.1. To 0.5 gm. of the stock enzyme preparation were added 8 cc. of the 
phosphate buffer and 2 cc. of aleohol. The process of purification was then 
continued as in Experiment 1. By the evaporation of 14.0 ec. of enzyme 
solution after the dialysis against distilled water, the solid, ash, and zine 
content was determined as before. The solids in the resultant enzyme 
preparation had an ash content of 0.32 per cent and contained 0.23 per 
cent zine and 15.8 per cent nitrogen. The activity was 9800 units per mg. 
of solids. 

In Experiment 3 a method is described for preparing carbonic anhydrase 
crystals by means of acetone and ammonium hydroxide. The ash, zine, 
and nitrogen content and the activity of the preparation were determined. 
Experiments 4 and 5 provide additional data for the crystals. 

Experiment 3—0.5 gm. of the stock enzyme preparation was first further 
purified by the method outlined in Experiment 1. After dialysis the 
aqueous enzyme solution was equally divided between two 250 cc. centri- 
fuge thimbles. The solutions were dried in vacuo. To each thimble con- 
taining approximately 150 mg. of dried enzyme was added 1 cc. of N 
ammonium hydroxide. After the enzyme had dissolved, the tubes were 
placed in an ice bath. In another bath containing salt and ice was placed 
a flask containing 400 ec. of absolute acetone to which had been added 0.5 
ec. of concentrated ammonium hydroxide. To each of the tubes con- 
taining the enzyme were added 200 ce. of chilled ammoniacal acetone and 
the tubes shaken. A marked sheen was obvious throughout the suspension 
in both tubes. The tubes were left in the ice bath for 5 hours. Examined 
microscopically the preparation appeared to be uniformly crystalline and 
to consist of very thin plates lying on one of their flat surfaces or, less fre- 
quently, on an edge. A photomicrograph of the crystals is shown in 
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Fig. 1. When the preparation was examined with polarized light between 
crossed nicols, those plates lving on a flat surface were isotropic, whereas 
those on an edge were anisotropic. After the 5 hour period the samples 
were centrifuged in the refrigerator and the crystals in each tube washed 
with 100 ce. of chilled acetone. After they were again centrifuged and 
the supernatant acetone decanted, the crystalline enzyme was dissolved 
in 25 ce. of water and this solution evaporated to dryness in vacuo. To 
the dried enzyme preparation 15 ec. of water were added. Some material 
remained undissolved and in suspension seemed to consist of fragments of 
thin plates which were isotropic. This material was removed by centri- 
fugation and dried; it weighed about 15 mg. 14 cc. of solution were 
evaporated and the residue weighed and ashed by heating in the presence 
of a few drops of a concentrated solution of hydrogen peroxide. The ash 
eontent of the solids was found to be 0.8 per cent and the zine content 0.14 





Fig. 1. Ammonium-carbonie anhydrase. X 51 


percent. The preparation bad a potency of 8900 units per mg. and con- 
tained 16.5 per cent nitrogen. 

Experiment 4—0.5 gm. of the stock enzyme preparation was further 
purified as in Experiment 2. After dialysis it was dried in vacuo in two 
250 ec. centrifuge thimbles and crystallized with ammoniacal acetone as 
described in Experiment 3. The erystals were dissolved in 20 cc. of water 
and the excess acetone removed from the solution by allowing it to stand 
in vacuo overnight. 14 ec. of this solution were then evaporated and ashed 
as in Experiment 3. The ash content was found to be 0.3 per cent and the 
zine content 0.21 per cent. The preparation had a potency of 8100 units 
per mg. and a nitrogen content of 16.5 per cent. 

Experiment 5—It was realized in earrving out Experiments 3 and 4 that 
some of the ammonia might dissociate from the enzyme when the crys- 
talline enzyme was dissolved in water and accordingly would be removed 
in drying in vacuo. Hence another experiment was conducted in which 
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0 mg. of the enzyme, purified according to the procedure used in Experi- 
ment 1, were crystallized according to the procedure outlined in ’xperi- 
ment 3. The erystals, after being washed with acetone, were dissolved in 
water and the nitrogen and solids determined on aliquot samples as before, 
The nitrogen content was 16.4 per cent. 

For use in the following experiments a quantity of enzvme was prepared 
according to the procedure described in Experiment 1. After dialysis 
against distilled water had been completed, aliquots of the enzyme solution, 
containing the equivalent of about 10 mg. of dried enzyme, were placed in 
a series of 15 ee. centrifuge tubes. These solutions were then dried in vacuo 
and served as stock preparations in the following experiments. Before 
the various reagents were used, they were carefully distilled. 





Fig. 2 Fig. 3 
Fig. 2. Piperidine-carbonic anhydrase. X 20. 
Fig. 3. Isoamylamine-carbonie anhydrase. X 23. 
Fig. 4. n-Amylamine-carbonic anhydrase. X 20 


Piperidine Experiments— To each of six tubes containing about 10 mg. 
of enzyme 0.5 ec. of water was added. After the enzyme had dissolved, the 
tubes were immersed in a cold water bath and 1 ec. of piperidine slowly 
added toeach. The contents of four tubes were then poured on four watch- 
glasses and the solutions allowed to evaporate at room temperature. In 
about 3 hours the liquid had evaporated, leaving a crystalline preparation 
having a sheaf-like appearance. The watch-glasses were placed in vacuo 
over calcium chloride or sulfuric acid and flake sodium hydroxide for 48 
hours. A photomicrograph of the crystals is shown in Fig. 2. The 
crystals were anisotropic. The material from three of the glasses was then 
used for Dumas nitrogen determinations. The crystals were found to 
contain 16.1 per cent nitrogen. The material on the fourth glass was 
removed by washing with 100 cc. of 0.05 per cent peptone. The product 


was insoluble. The potency of a diluted sample of the suspension was 
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estimated immediately and again after it had stood for 24 hours. The 
contents of the fifth tube, after standing for 15 minutes at room tempera- 
ture, were suitably diluted with peptone solution (0.05 per cent) at 0° and 
a potency estimation made in the usual manner. The diluted enzyme 
solution was then left at room temperature for 24 hours and the potency 
again determined. The sixth tube containing the enzyme and piperidine 
was allowed to stand for 3 hours at room temperature. The solution was 


TaBLe I 
Potency Tests of Carbonic Anhydrase Preparations 


Immediate 
| test 











| 
Preparation tested | Potency | ee | Potency 
total nite | COM | soak unit | emt, 
i , .» one on ik nbs kekh bene | 92,000 | - 92,000 
Piperidine + carbonic anhydrase standing | 
Ss. pccnag uaa RGR RAPER A ROE REET 11,700 | 12.7 | 97,000 | 105 
Piperidine + carbonic anhydrase standing 
NS nada baud 1 bipennate eens | 3,750 | 4.1 | 31,000] 33.7 
Piperidine-carbonic anhydrase crystals | | 
ext nankcdidhsnnd ceevnns eae ian | 1,176 | 1.3 | 1,528 1.6 
NR Ss. so sana davecdeueene tema 92,000 | | 92,000 
Isoamylamine + carbonic anhydrase stand- | | 
isd kices's vonnle o vadthvs saenedadeh | 11,400 | 12.4 | 82,200 90.0 
Isoamylamine + carbonic anhydrase stand- | 
SL ss cinsiannhesnen te Aaeemaeiaiaae | 600 | 0.7 | 15,000 | 16.3 
Isoamylamine-carbonic anhydrase crystals | | | 
cnc paca avons essopbtrcedewderes 0! 0 | 0| oO 
ER, ov... <a cswswsnepias beeen ds | 92,000 | | 92,000 
n-Amylamine + carbonic anhydrase stand- | 
EE Ee TO ee ee ee 5,100 5.5 | 75,300 | 81.9 
n-Amylamine + carbonic anhydrase stand- 
MLS cs cece cevecs chtecrt caren ene 300 0.3 | 7,500| 8.2 
n-Amylamine-carbonic anhydrase crystals 
OS Pe Te 16 0 123 | 0.1 


then diluted with peptone at 0° and a potency estimation made. The 
diluted test solution then stood for 24 hours at room temperature and the 
potency was again determined. The results of various potency determina- 
tions are shown in Table I. 

Tsoamylamine Experiments—These experiments were carried out in a 
manner which was very similar to the experiments with piperidine outlined 
above. To each of six tubes containing approximately 10 mg. of enzyme 
was added 0.5 cc. of water. After the enzyme had dissolved, the tubes 














378 CARBONIC ANHYDRASE 


were immersed in a cold water bath and 1 cc. of isoamylamine added to 
each. The contents of four tubes were poured on four watch-glasses and 
left at room temperature. In 2 hours the material had dried, leaving a 
needle-like crystalline product. Drying was continued in vacuo in a 
manner similar to that used in the piperidine experiments. A photomicro- 
graph of the crystals is shown in Fig. 3. The crystals were anisotropic. 
The crystalline precipitates from three of the glasses were used for Kjeldahl 
nitrogen estimations. The nitrogen content was found to be 16.2 per cent. 
The material on the fourth watch-glass was suspended in dilute peptone 
solution and used for potency estimations. The solution in the fifth tube, 
after standing for 15 minutes, was suitably diluted with 0.05 per cent pep- 
tone at 0°. The diluted solution was allowed to stand for 24 hours at room 
temperature and again assayed. The sixth tube stood for 2 hours at room 
temperature after the addition of the isoamylamine. Then the solution 
was diluted and potency tests made immediately and in 24 hours time. 
The results of these potency tests are shown in Table I. 

n-Amylamine Experiments—n-Amylamine has a boiling point approxi- 
mately that of piperidine. Consequently, the process used for the crys- 
tallization of carbonic anhydrase with this amine was the same as that 
already outlined for the piperidine experiments. After the crystalline 
preparation had been dried in vacuo for 48 hours, a photomicrograph was 
taken and is shown in Fig. 4. The crystals were anisotropic. The prep- 
aration had a nitrogen content of 16.1 per cent. The results of activity 
experiments are recorded in Table I. 

DISCUSSION 

Two general methods are described for producing crystalline preparations 
of carbonic anhydrase. In the first set of experiments crystals were ob- 
tained from dilute suspensions of the enzyme in acetone containing am- 
monium hydroxide. The crystals were readily soluble in water and ex- 
hibited only slightly less activity than the non-crystalline enzyme from 
which they were prepared. This difference in potency may indicate a 
slight inactivation of the enzyme during crystallization or that the am- 
monium-carbonic anhydrase complex does not completely dissociate in 
water. It should be noted, however, that if the crystals were dried they 
were no longer soluble and did not exhibit activity. The zine content of 
the preparation was not changed by erystallization. The nitrogen content 
of the crystalline material was 16.5 per cent, whereas that of the non- 
crystalline product was 15.8 per cent. It seems evident, therefore, that 


the ratio of enzyme to ammonia is very high. 
The second set of experiments was concerned with compositions of 
carbonic anhydrase and the liquid bases piperidine, isoamylamine, and 
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n-amylamine. From potency results recorded in Table I, it can be seen 
that when solutions of the enzyme and the various bases were allowed to 
stand for 15 minutes and then immediately tested there appeared to be a 
very substantial loss in activity. However, if these diluted test solutions 
were allowed to stand for 24 hours, practically all the potency was re- 
covered. When the preparations stood for 2 or 3 hours, a similar apparent 
inactivation and a recovery of potency on standing was apparent. In 
these latter experiments, however, a much lower recovery was observed. 
This probably means that the base has become more firmly bound to the 
enzyme on standing and accordingly requires more rigorous treatment for 
its removal rather than that any permanent inactivation of the enzyme 
has occurred. In respect to some of the potency tests it will be noted that 
dilutions were made at 0°. It was thought that the dissociation between 
the base and the enzyme would be less at this temperature than at a higher 
temperature. The actual test was, of course, conducted at 15°. From 
Table I it is also apparent that all the crystalline preparations formed by 
carbonic anhydrase and these liquid bases were inactive when dried and 
did not regain activity when suspended in water. This is not surprising, 
for the crystalline preparation of ammonia-carbonic anhydrase also loses 
its activity, as do some other crystalline enzyme preparations, when dried. 
All the results in Table I support the view that a chemical combination has 
taken place between the enzyme and the bases and that the crystals are the 
product of this combination. Evaporation of control solutions of enzyme 
did not result in the formation of crystals. The nitrogen values obtained 
for the three crystalline preparations are only slightly higher than that 
determined for the non-crystalline enzyme. This might be expected, since 
the percentage of nitrogen in each of the bases used does not differ greatly 
from that of the protein. The dried enzyme-base crystals were all aniso- 
tropic. Each of the three crystalline preparations was heated for 1 hour at 
110° and again examined microscopically by transmitted light and between 
crossed nicols. No change in crystalline nature was observed. 

The success of obtaining crystalline compounds of the enzyme with piperi- 
dine, isoamylamine, or n-amylamine probably depends on many factors. 
In the crystallization experiments the proportion used was 2 parts of base 
to 1 part of water. When such a solution containing no enzyme is allowed 
to evaporate at room temperature, crystals form as evaporation progresses. 
These crystals are soluble in water and disappear at 110° or in vacuo. 
This property of forming crystals probably initiates crystallization in the 
experiments of the enzyme-base complex. In the experimental part of the 
work a control solution of water and base was always evaporated at the 


‘same time as similar solutions to which enzyme had been added. When 


these control samples were dried in vacuo for 12 hours, no residue remained. 
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The crystalline enzyme preparations were always dried for 48 hours. A 
second factor which may be important in securing crystalline preparations 
in the present experiments is the fact that the bases used had a boiling 
point near that of water. In experiments with carbonic anhydrase and 
n-butylamine, an amine boiling at approximately 78°, only a very poor 
yield of crystals was obtained. It seems probable that the amine evapo- 
rated too quickly during the process. The results of experiments con- 
ducted with ethylenediamine, an amine boiling at 118°, were not com- 
pletely satisfactory. 

Experiments were conducted to determine the possibility of precipitating 
carbonic anhydrase from aqueous solution by the addition of basic sub- 
stances. When undecylamine, an amine used by two of our colleagues to 
precipitate proteins (9), was added to a solution of the enzyme, no precipi- 
tate formed. Protamine likewise did not precipitate the enzyme from an 
aqueous solution. It was of interest to apply the methods of crystallization 
outlined in this paper to other proteins and also to other substances having 
free acidic groups. When either piperidine, isoamylamine, or n-amylamine 
was used with insulin or heparin in a manner similar to that described in 
the experiments with carbonic anhydrase, crystalline products were ob- 
tained. These products, however, differed in certain respects from the 
dried crystalline enzyme preparations, since. both the crystalline prepara- 
tions of insulin and of heparin were soluble in water and contained physio- 
logical activity. The fact that heparin, which contains free sulfate radicals, 
crystallized with these substances is of interest. The n-amylamine- 
carbonic anhydrase and n-amylamine-insulin crystals appear as long 
needles, whereas the n-amylamine-heparin crystals occur as rosettes re- 
sembling in appearance those previously isolated as the barium salt (10). 
Thus the shape of crystals would not appear to be dependent solely upon 
the bases used to effect crystallization. Sedimentation, diffusion, and 
electrophoresis analyses of the carbonic anhydrase are being made in the 
Department of Chemistry at the University of Wisconsin and will be 
published shortly by M. L. Petermann and N. V. Hakala. 


SUMMARY 


Methods are described for the further purification of carbonic anhydrase. 
The resultant preparations contained 0.3 per cent ash, 0.2 per cent zine, 
15.8 per cent nitrogen, and had an activity of 10,000 units permg. A 
method of producing a crystalline preparation of the enzyme by means of 
acetone and ammonium hydroxide is described. The crystals were active 
prior to drying. They contained 16.5 per cent nitrogen and 0.2 per cent 
zinc. Other methods of obtaining crystalline preparations of the enzyme 
by the use of piperidine, isoamylamine, and n-amylamine are also described. 
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These preparations when dried were insoluble and inactive. The three 
crystalline preparations were anisotropic. After the crystalline enzyme 
preparations were heated for 1 hour at 110°, no change in the shape of the 
crystals was evident with either transmitted light or between crossed 
nicols. Various aspects of the research are discussed. 


The authors wish to thank Mr. A. H. Lacey of the Insulin Committee 
Laboratory for assisting with the zine estimations. 
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THE BIOCHEMISTRY OF STRONTIUM* 


By MARION FAY, MARIE A. ANDERSCH,+ ano VIVIAN G. BEHRMANN{ 


(From the Laboratory of Physiological Chemistry, Woman’s Medical College of 
Pennsylvania, Philadelphia) 


(Received for publication, May 4, 1942) 


Since the observation by Mendel and Thacher (1) in 1904 that strontium 
was excreted in part by way of the intestine by the dog, there have been nu- 
merous investigations of the physiological effects of this element. Most of 
these studies were limited in scope for lack of an adequate quantitative 
method for strontium. Several investigators ignored the similarity in 
chemical behavior of strontium and calcium and reported that strontium 
administration increased the level of serum calcium. It was suggested that 
strontium increased the permeability of the intestine to calcium (2). One 
of us (3) pointed out that such values represent the sum of the strontium 
and calcium in the blood, since they are precipitated together in the usual 
oxalate precipitation. The publication by Sobel and his collaborators of a 
method to determine small amounts of strontium in the blood stimulated 
the present study. We have investigated the level and state of calcium, 
strontium, and inorganic phosphate in the blood following the administra- 
tion of small amounts of strontium, after long continued administration and 
after intravenous injection. The excretion of these ions in urine and feces 
was followed. A few determinations of magnesium were included in the 
blood studies. 


Methods 


Calcium and strontium were determined by the Sobel method (4), which 
is based upon the fact that, if oxalate and sulfate be added to a mixture of 
calcium and strontium at a pH of 3.0, the calcium is selectively precipitated 
as oxalate and the strontium as sulfate. Calcium and strontium are pre- 
cipitated as oxalate under controlled conditions and strontium is calculated 
by difference. There are disadvantages in any determination by difference, 
particularly if small amounts of one substance be determined in the pres- 
ence of large amounts of the other. We found the greatest error in the 
method in the determination of strontium in feces. When 7.4 mg. of stron- 


* This work was aided by grants from the Committee on Scientific Research of the 
American Medical Association to one of us (M. F.). 

A preliminary report was made before the American Society of Biological Chemists 
at Toronto, April, 1939. 

t Now at the Children’s Hospital, Pittsburgh. 

t Now at the Henry Ford Hospital, Detroit. 
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tium were added to a sample of feces containing 20.8 mg. of calcium, the 
error was —8.1 per cent. The small quantity and the large conversion 
factor (determined by the higher molecular weight) magnify the error for 
strontium. Repeated determinations on solutions and on serum and urine 
gave recoveries sufficiently accurate to warrant experimental use. Analy- 
ses were made in triplicate when possible, otherwise in duplicate. 

Protein-free serum filtrates for the determination of filtrable fractions 
were prepared by the Gregory and Andersch modification (5) of the Green- 
berg and Gunther method (6). The Fiske and Subbarow method (7) as 
modified for the Evelyn photoelectric colorimeter was used for inorganic 
phosphate and the Briggs method (8) for magnesium. Proteins were deter- 
mined by the Robinson, Price, and Hogden procedure (9). 

Adult female dogs maintained at constant weight on a Cowgill diet (10) 
were used in this study. Urine collections were begun and ended by 
catheterization and feces were collected in the usual manner with carmine 
as the marker. Strontium was given as the lactate. 


b Results 


Table I gives the results of two representative experiments showing the 
effect of single doses of strontium given by mouth upon the calciun, 
strontium, and inorganic phosphate of the serum. These with many 
similar experiments show that administration of 20 to 192 mg. of strontium 
per kilo of body weight usually produces a fall in serum calcium which 
may occur several days after the strontium is given and which does not 
necessarily coincide with the highest level of strontium. An increase of 
inorganic phosphate in the serum was produced which bore no quantitative 
relation to the height of the calcium and strontium. Greenberg and 
Gunther (11) report a rise in serum phosphate 6 hours after the ingestion 
of calcium which we found to be true also for strontium. Both the time 
of appearance and the level of strontium in serum varied widely after 
ingestion. Figures for magnesium are omitted from our tables as the 
response was neither striking nor consistent. 

In order to eliminate the effects of delay in or failure of absorption, 
strontium was given by the intravenous route. We injected amounts of 


strontium which varied from 4.43 to 100 mg. per kilo of body weight. 


Except for nausea in one animal no toxic symptoms resulted from doses 
up to 28.4 mg. per kilo, the molar equivalent of the 13 mg. of calcium 
reported by Cowgill and Rakieten (12) to be the maximum amount toler- 
ated by their dogs without nausea. Extreme salivation, nausea, and 
diarrhea followed the injection of 100 mg. of strontium per kilo of body 
weight. The height of the serum strontium varied from 1.5 to 51.9 mg. 
per 100 ml. following the injection, depending upon the amount given and 
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the time at which the blood was taken. Strontium disappeared rapidly 
from the blood after injection, reaching zero within 24 hours in all cases 
studied. A decrease in serum calcium appeared rapidly after the injection 
and persisted for 24 hours or longer. The immediate effect upon phos- 
phate was variable but an increase after 5 to 6 hours occurred regularly. 
Control injections of calcium produced a prompt decrease in inorganic 
phosphate. Table I gives the results of one injection experiment. 


TABLE I 
Effects of Single Doses of Strontium Lactate on Serum Composition 
The values are expressed as mg. per 100 ml. of serum. 





Serum 
Day No. ' iueguaenanednt Remarks 
| Ca Sr | 
11.90 | | 5.36 | Dog M, control 
1 | Fed 20.2 mg. strontium per kilo body 
weight 
2 9.05 0.44 | 5.79 | 
4 9.79 | 0.56 | 6.04 | 
6 11.80 | 1.43 4.15 | 
8 11.81 | 0.22 | | 
15 | 4.87 


ne 0.0 





| 9.32 | 0.0 | (5.4) | Dog M, control; phosphate average before 
control day 


Fed 192 mg. strontium per kilo body 





| 
| weight 
2 8.6 | 0.84 | 5.43 | Vomited; slight diarrhea 
4 | 9.6 | 0.30 | 5.68 | 
7 (10.51) 0.0 | 5.15 | 
1. 10.30a.m. | 10.7 | 0.0 | - Dog W given intravenously 33.6 ml. 2.2% 


strontium lactate (8.5 mg. strontium 
per kilo), pH 7.1, 11.07-11.19 a.m. 
nase | * 9.8 man 3.5 
2 7.6 | 0.0 | 3.97 | 
3 9.6 0.0 4.25 


In Tables II and III are summarized analyses for total and filtrable 
strontium and calcium of the serum after strontium administration. The 
filtrable strontium varies from 0 to 83 per cent of the total and bears no 
constant relationship to the total level or to the level of total or filtrable 
phosphate. 

Several animals were fed 20 mg. of strontium per kilo of body weight 
per day for periods of 20 to 140 days without toxic symptoms. Table III 
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shows figures for two such experiments. There are wide variations in the 
levels of calcium and strontium in the blood and there is no constant 
inverse relation between them. The inorganic phosphate rose slightly 
during the period of administration and returned to the normal level 
when strontium was no longer given. Strontium was found in the blood 
for some weeks after the dosage had been discontinued. The samples of 
leg bones which were analyzed contained small amounts of strontium, 


TaB.e II 
Filtrable Calcium and Strontium in Serum after Strontium Administration 
The calcium, strontium, and phosphorus values are expressed as mg. per 100 ml, 
of serum. 


Serum 
, Ca S P Serum | Blood > 

Dog a J proteia| pil Remarks 

ut Filtra- Filtra- |--,_,| Filtra 

Total ble | rotal| “pie | Total) “ pie 

gm. | 7 

V | 9.41) 4.24 | 4.62) 3.15 |4.9 7.42 16hrs. after feeding 1.34 gm. 

strontium, 100 mg. per 

kilo 
M | 9.8 | 3.96 | 1.58) 1.31 |6.6 7.34 5 hrs. after 1.53 gm. stron- 


tium by stomach tube, 

70.2 mg. per kilo 

L (13.2 | 7.92 |16.2/0.0 |4.5| 1.9 | 6.92 | 7.52 | 3 min. after injection of 284 
| mg. per kilo strontium 

7.36 6 min. after injection of 85 

mg. per kilo strontium 


~ 
~“JI 
— 
te 
— 
IO 
uo 
- 
7) 
= 
to 
~ 


W 9.8 | 6.7 


Al | 7.2) 5.0 | 7.0} 3.01 |2.3 | 2.1 | 5.7 | 7.34 12 min. after injection of 
6.27 mg. per kilo stron- 

tium 
An /12.9 | 7.8 | 8.5 | 1.08 |4.31] 3.4 7.34. 15 min. after injection of 
28.4 mg. per kilo stron- 

tium 


A2 |10.8 | 6.42 | 1.54, 0.0 (3.19) 269, 6.0 | 7.42 2 hrs. after injection of 4.8 
mg. per kilo strontium 


All filtrable values have been recalculated for serum. When protein was not deter- 
mined, the values were divided by 1.06. 


The excretion of strontium was studied (a) after one dose by mouth, ()) 
after intravenous injection, and (¢) after long continued administration 
by mouth. Table IV gives representative experiments in which a single 
dose of strontium was given by mouth or by intravenous injection. tis 
obvious that after administration by mouth the largest part of the stron 
tium is excreted by way of the feces and that after injection the largest 
part is found in the urine. 
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In the long experiments, ranging from 20 to 40 or more days, the total 
amount of strontium excreted was found to be 28 to 87 per cent of that fed. 
Of this 88 to 96 per cent was excreted in the feces. During the Ist week 
of such an experiment the excreted strontium might amount to as little 


as 13 per cent of the total given with 68 per cent of the excreted material 


Tase III 
Effects of Long Continued Administration of Strontium Lactate 

















Serum 
Day Ca Sr | Protein Remarks 
ol Total | Filtra- |rotall Filtra- P| || Albu- Glob- 
| Fotal | ble vat "> | home min |‘ ulin 
me. we. me | mg. gm. | gm. | gm. 
|main| | oon! | | fay | 
mi. : ml. ‘| ml. | ml. ml. ee 
1 10.00 5.84 0.0! 0.0 4. 3216 6.37) 3.42 (2.95 Dog W, control; 320 mg. (20 mg. 
per kilo) strontium per day 
| | | begun in food 
15 | 9.67) 3.74 2.26] 0.1 |5.246.8 [3.15 [3.65 
23 | 8.59) 5.95 0.44) 0.0 5.69) | | 
72 | 9.08) 5.14 2.64 1.78; =| | | 
99 10.63, 5.37 ? | 0.0 |3.45)6. ae. 10 a 
120 | 7.55) 4.37 3.63) 2.62 |5. 04 Strontium discontinued 
141 | 8.43 4.70 0.92 0.31 |4.93)6. 15/3. 23 2.92 
162 | 8.90) 3.49 0.99) 0.0 |4.52/6.11/3.23 |2.88 ss disappeared from 
| | blood 47 days after discon- 
tinuance 
1 10.60 5.76 0.0 0.0 6. 063.15 201 Dog J, control; 263 mg. (20 mg. 
per kilo) strontium per day 
| | begun in food 
15 | 9.91) 5.46 3.30 0.0 | — (6.50/3.58 2. 
50 | 8.41) 6.15 3.38) 0.62 | | r 
99 | 9.94) 6.04 1.32) 0.0 |3.65/6.05)3.87 [2. 18 Appetite poor 
10.80, 5.02 2.06) 1.07 Animal killed; gross pathological 


143 


4.706.583 .68 


12.90 


examination showed normal 
tissues; * analysis of dried por- 
tion of femur gave Ca 25.6, 
Sr 2.95% 


* Examination of the intestinal and urinary tracts, of the liver, heart, and lungs 


was made for us by Dr. 


Mollie ¢ 


ieiss, to whom our thanks are due. 








in the feces; but continuation of the dose resulted in larger excretions, 
particularly in the feces. This may be due to decreased absorption. 
When strontium is discontinued, it invariably disappears from the feces 
much more rapidly than from the urine. Thus in one experiment it was 
not found in the feces after the 2nd week, while it persisted in the urine for 
more than 8 weeks. This point is illustrated in Table V, which also gives 
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a detailed summary of the effect of strontium upon the excretion of calcium 


and phosphate. 


TaBLe IV 
Excretion of Strontium after Single Dose of Strontium Lactate 
Strontium 
Day: Tri . |p Per cent of | Remarks 
ys Urine Feces Excreted excreted 
| 
Total Total Total | Urine | Feces | 
| — 
! per per per 
mE. | cent ms | cent ms: | cent 


1 | 5.0) 0.18/550 |20.2)'556 |20.3) 0.90/99.20| Dog M, 2.74 gm. (126 mg. per kilo) 
Sr by mouth. Feces and urine 6 
hrs. later; slight diarrhea 


8 (39.0) 280 
144.0) 1.60830 |30.3/876 32.0) 5.02/94.98 Total excretion in 9 days 


1 | 7.9 Dog W, 0.203 gm. (8.5 mg. per kilo) 
Sr by intravenous injection. Urine 
2 hrs. later 
6 (21.114.3 0 | 0.0 29 |14.3)100.0 | 0.0 | Total excretion in 6 days 


TABLE V 


Average Excretion per Day of Strontium, Calcium, and Inorganic Phosphorus 


Urine Feces 
Days Remarks 
Ca Sr P Ca Sr P 
me. meg. me. me. meg. me. 
28 29.9 | 21.4 | 480 | 517 175 599 Dog W, fed 0.32 gm. Sr (20 mg. per 
kilo) per day, in basal diet 


16 No analyses made 
42 | 17.2| 22.0| 511 | 625 | 203 | 477 
5 No analyses made 


21 14.4 | 18.6) 596 | 433 132 | 368 


7 29.6 | 2.4) 775 | 473 55 | 312 Strontium discontinued 
7 61.2 53.0 820 357 21 372 
7 19.6 3.7 664 776 0 447 
7 26.7 6.4 755 398 0 286 
7 11.6 7.1) 655 307 0 364 
35 29.7 734 462 356 Average for 5 wks. 


DISCUSSION 


Strontium given intravenously or by mouth in large or small doses 
produces a fall in serum calcium. This decrease, whether immediate or 
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delayed, does not always accompany the highest values for serum strontium 
and may be in the diffusible or in the non-diffusible fraction. The experi- 
ments given in Table III illustrate the lack of correlation between reduction 
of the total calcium and the height of the diffusible calcium and also show 
that there is no constant effect upon calcium as a result of high or low 
strontium levels. 

After injection strontium may appear in both filtrable and non-filtrable 
forms, differing from calcium which is reported to increase almost com- 
pletely in the diffusible fraction after administration (11). Our experi- 
ments suggest that upon injection of strontium a non-dialyzable strontium 
phosphate compound is formed which disappears rapidly, the phosphate 
returning to the normal filtrable form (13) and some of the strontium 
becoming filtrable. The amount of non-filtrable phosphate is not always 
great enough to account for the strontium, which suggests the possibility 
of a strontium-protein combination. Smith and Sternberger (14) and 
others have inferred that the protein in the serum is not saturated with 
calcium under ordinary conditions. The highest value for non-diffusible 
strontium which we obtained was 16.2 mg. (Dog L, Table II). If 
tertiary strontium phosphate be the compound formed (the tertiary salt 
is supposed to be formed after calcium injections (13)), the 2.6 mg. of 
non-diffusible phosphate could combine with 11 mg. of strontium, leaving 
5.2 mg. to combine with protein, not an excessive amount in the light of 
the calcium figures reported by Smith and Sternberger. Our other experi- 
ments show lower figures for non-diffusible strontium but only in one case 
(Dog A2, Table IT) is there sufficient non-diffusible phosphate to account 
for the strontium and in that experiment the total strontium was low. It 
would be interesting to determine the distribution ratio between calcium, 
strontium, and protein by means of the procedure of Loeb (15) and we 
have made a few preliminary experiments of this kind. 

The inorganic phosphate of the serum behaved after strontium ad- 
ministration in much the same way that it does after calcium injections. 
It rose within 5 to 6 hours and on long continued administration the level 
tended to be higher than normal and decreased when strontium administra- 
tion ended. The formation of non-filtrable phosphate after injection of 
strontium likewise resembled the effect of calcium (13). 

A few determinations of magnesium which we have made indicate that 


in the blood the level of this element is independent of calcium, strontium, 


and inorganic phosphate as suggested by the experiments of Tibbetts 
and Aub (16). 

The figures for diffusible and non-diffusible calcium, strontium, and 
inorganic phosphate and for serum proteins show no apparent relationship 
to each other when various equations are applied (17, 18). Strontium is 
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deposited in the bones and other tissues (19).'. When we consider that an 
equilibrium would have to be established not only in the blood but also in 
the tissue fluids and bones and that strontium is excreted in urine and 
feces, it is not surprising that such a complex picture cannot be described 
by any formula involving only the blood levels. 

The pH of the blood following strontium injections showed no abnormal 
values, although one of 7.52 (Dog L, Table II) might be considered high. 
This is well within the range of pH 7 to 8 in which calcium distribution 
between the two fractions is reported to be constant (13), although Dillman 
and Visscher (20) disagree with this idea. This high figure occurred in 
the experiment in which the greatest amount of non-filtrable strontium 
was found and might bear out the statement of these authors that at pH 
7.6 there is less filtrable calcium than at pH 7.0. 

The studies on excretion show that like calcium (21) strontium when 
given by mouth is excreted in large part in the feces. When given in- 
travenously in small amounts, strontium appears in the urine and may be 
absent from the feces, again resembling calcium (22, 23). MceCance and 
Widdowson (24) using a spectrographic method of analysis found a slight 
increase in fecal strontium after intravenous injection of small quantities 
in man. The large amount of strontium found in the feces after oral 
administration is in great contrast to the small amount following in- 
travenous injection (Table IV) and suggests that failure in absorption 
may be responsible in large part for the fecal strontium after oral ad- 
ministration. Small amounts may be excreted, like calcium, in the 
digestive juices and in bile after intravenous administration and there is no 
necessity to invoke any specific excretory function of the intestinal epi- 
thelium for strontium under normal conditions. 

The effect. of strontium on the excretion of calcium and phosphorus is 
complicated by a number of factors. With a controlled diet under fairly 
rigid conditions strontium produced a decrease of calcium and phosphate 
in the urine and an increased calcium in the feces (Table V). The phos- 
phate of the feces changed very little. Upon withdrawal of strontium 
the calcium did not change in the urine and decreased in the feces, while 
the level of phosphate increased in the urine and decreased in the feces. 
Any explanation of these findings must take into account the deposition 
in bone and the distribution in other tissues, the calcium and phosphorus 
balance of the animal throughout a long period, and various other factors 
which we are not prepared to discuss at this time. We can state that for 
adult dogs the addition of strontium to the diet does not produce a marked 


1 Fay, M., Behrmann, V.G., Andersch, M. A., and Geiss, M., unpublished data. 
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excretion of calcium and does encourage a retention of phosphate, probably 
to combine with the strontium deposited in bone. This does not apply 
to young growing animals, as studies in which the strontium metabolism 
was contrasted in adult and in young rats have shown.' 


SUMMARY 


Filtrable and non-filtrable strontium, calcium, and inorganic phos- 
phorus of the serum were determined in adult dogs after administration of 
strontium by mouth or by intravenous injection in large or small doses 
and after long continued feeding. Strontium may exist in the blood in 
diffusible form and probably combines with phosphate and with protein 
in non-diffusible compounds. Serum calcium is decreased after strontium 
is given and the decrease cannot be ascribed to a simple replacement effect, 
since there is no constant inverse relation of strontium and calcium levels. 
The inorganic phosphate of the serum showed a rise 5 to 6 hours after the 
administration of strontium and tended to remain high during periods of 
long continued feeding of strontium. No effect upon serum protein levels 
was observed. A few magnesium determinations suggested that 
magnesium acts independently of strontium. 

The studies on excretion showed that strontium given by mouth is 
excreted in large part in the feces and when injected intravenously may 
be absent from the feces and appear in the urine. Small amounts disap- 
pear rapidly from the blood after injection but are not excreted completely, 
as much as 97 per cent remaining in the body after a week. Analyses 
of bone showed that strontium had been deposited there. Strontium in the 
diet of adult dogs did not produce a marked excretion of calcium but in- 
creased the retention of phosphate. 
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PANTOTHENIC ACID IN THE METABOLISM OF 
PROTEUS MORGANII* 


By ALBERT DORFMAN, SAM BERKMAN, ano STEWART A. KOSER 


(From the Departments of Biochemistry and of Bacteriology and Parasitology of the 
University of Chicago, Chicago) 


(Received for publication, April 25, 1942) 


Although several members of the vitamin B complex are now known to 
serve as coenzymes in certain essential metabolic reactions, the physio- 
logical function of pantothenic acid is obscure. The only evidence relating 
pantothenic acid to metabolism is the report of Pratt and Williams (1) 
that pantothenic acid stimulated fermentation and respiration of yeast 
(sucrose as substrate), and respiration of apple and potato tissue, with 
indications of a similar effect on certain animal tissues. The meaning of 
the effects on yeast is not clear, since the authors record multiplication of 
the yeast under the conditions of their experiments. Stimulation of the 
respiration of the potato and apple tissues was small, and in a number of 
the experiments appeared to be within the range of experimental error. 

Studies in this laboratory were undertaken to determine the manner in 
which pantothenic acid is concerned in metabolic reactions and this report 
deals with the results of such studies on the metabolism of one of the bac- 
teria. It was found that pantothenic acid is involved in the metabolism 
of pyruvie acid by Proteus morganii. 

Preliminary work involved the trial of bacteria known to require panto- 
thenie acid for growth. Our first experiments were undertaken with cer- 
tain members of the Pasteurella group, as previous work (2) had shown that 
calcium pantothenate is needed by these organisms. However, cultures 
of the organisms produced a considerable amount of gum which led to 
difficulties in the centrifuging and the obtaining of suitable suspensions of 
cells. Irregularity of results led us to use instead Proteus morganii, 
which Pelezar and Porter (3) have shown requires nicotinic acid and eal- 
cum pantothenate for growth. All data presented in this report were 
obtained by the use of Proteus morganii. 


Methods 


Bacterial Suspensions—For our experiments Proteus morganit was grown 
on a semisynthetic medium containing 0.5 per cent hydrolyzed Eastman 


* This investigation was aided in part by a grant from the John and Mary R. 
Markle Foundation and in part by a grant from the Dr. Wallace C. and Clara A. 
Abbott Memorial Fund of the University of Chicago. 
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purified gelatin, 0.5 per cent NaCl, 0.2 per cent Ke.HPO;, 0.005 per cent 
MgS0,, 0.001 per cent CaCl, and 0.002 per cent cystine. The pH was 
adjusted to 7.0. Nicotinamide was added in the amount of 0.1 y per ee, 
and calcium pantothenate was added in a concentration of 0.0003 y per ce, 
unless otherwise specified. 

Inoculations were made into liter flasks containing 800 cc. of medium 
and the flasks were incubated for 24 hours at 37°. The cells were col- 
lected by centrifugation and were washed twice with and suspended in 
0.05 m phosphate buffer (pH 7.4). 

Metabolic Experiments—Oxygen uptake was measured by the direct 
Warburg method. Respiratory quotient was determined by the method 
of Warburg (4). 

Analytical Methods—Pyruvate was determined by the method of Lipton.! 
The respiration was stopped in the pyruvate experiments by the addition 
of 2 cc. of 0.1 N acetate buffer (pH 4.5). Samples were taken directly for 
pyruvate determinations. 

Acetate was determined by a modification of the lanthanum nitrate 
reaction (5). The test was performed as follows: To the reaction mixture 
were added 2 ce. of 10 per cent H,SO, and the sample was slowly distilled, 
the distillate being collected in several fractions. 0.5 ce. of 0.1 N I, in KI 
and 0.5 ce. of 5 per cent lanthanum nitrate were mixed in a test-tube and 
().2 ce. of the unknown sample was floated on the surface. On top of this 
was floated 0.5 ce. of N ammonium hydroxide and the mixture carefully 
placed in a boiling water bath. In the presence of 1:5000 acetate a blue- 
green precipitate forms at the interface. Distillation is necessary, since 
both lactie and pyruvic acids interfere with this test. 


EXPERIMENTAL 


The principle involved in these experiments was to grow cells on a me- 
dium deficient in calcium pantothenate and to study the effect of added 
calcium pantothenate on the metabolism of such cells. The amount of 
‘alcium pantothenate used in the culture medium did not permit optimum 
growth, but was sufficient to permit harvesting of a crop of cells. Our 
first experiments with Pasteurella causing hemorrhagic septicemia indi- 
cated that calcium pantothenate stimulated oxidation of glucose only 
slightly. The results consistently showed some stimulation but the mag- 
nitude was variable and at times was so small as to cast doubt on the 
conclusions. Experiments with Proteus morganit showed that calcium 
pantothenate consistently stimulated oxygen uptake with glucose as sub- 
strate. However, when lactate was substituted for glucose a much greater 
stimulation was obtained. 


1 Lipton, M. A., personal communication. 
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Table I gives the results of two typical experiments with lactate as 
substrate. In the first experiment (Experiment A) cells were grown on a 
medium containing an excess of calcium pantothenate (0.1 y per ce.). 
Such cells show no stimulation of respiration on the addition of calcium 
pantothenate to the washed suspension. In contrast, the addition of 
calcium pantothenate to cells grown on a deficient medium (0.0003 y 
per cc.) results in a marked stimulation of respiration (Experiment B). 

In view of the previous report of Pratt and Williams (1) experiments 


TaBLe | 
Relationship of Respiratory Stimulation by Calcium Pantothenate to 
Calcium Pantothenate Content of Culture Medium 
0.3 ce. of 2 per cent lactate was added to 2 cc. of cell suspension and the final volume 
was made up to 2.7 ec. in every case. 0.1 cc. of 20 per cent KOH was placed in the 
center cup. 


Experiment A. | Experiment B. 


Cells grown on 0.1 y per Cells grown on 0.0003 y 
cc. Ca pantothenate per cc. Ca pantothenate 


O: in 2 hrs. | Stimulation | O2 in 2 hrs. | Stimulation 


c.mm. per cent c.mm. per cont 


Cell suspension een eT 479.8 247.2 | 
. “ + 20 y Ca pantothenate) 477.2 0 545.2 120 
TABLE II 


Cell Counts in Presence and Absence of Calcium Pantothenate in Warburg Vessels 
Lactate used as substrate. 


Cell count 





Os in 2 hrs. Stimulation | at end of 

| experiment 
c.mm. per cent | x< 108 
Cell suspension pie 159.4 | 3.4 
" ” + 20 y Ca pantothenate.. 387.9 137.5 | 3.5 
* y ; af vicki eas 247.2 5.7 
" ro + 20 y Ca pantothenate.. HM5.3 120 6.5 


were performed in which sucrose was used as substrate. Sucrose was 
oxidized only slightly if at all and no effect of calcium pantothenate was 
observed. 

In the absence of added substrate the respiration was very low and 
showed little if any stimulation by pantothenic acid. 

The experiments in Table Il were designed to determine whether the 
stimulation was due to an actual stimulation of respiration or whether it 
was merely due to an increase in the number of cells. While multiplica- 
tion was hardly to be expected under these conditions, since the suspending 
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buffer used for the respiratory experiments was free of nitrogen, it seemed 
desirable to verify this point. It is evident that although over 100 per 
cent stimulation of respiration occurred there was no appreciable increase 
in the cell count. 

The accompanying tabulation shows that the stimulation of respiration 
was not due to the calcium of calcium pantothenate, since addition of 
calcium chloride in equimolar amounts actually inhibits respiration 
slightly. The effect on respiration of calcium, with lactate used as sub- 
strate, follows. 


C.mm. Os in 2 brs, 
Cell suspension phe PARE CUS ins Poesesenr 306.1 
" ” + Ca pantothenate (20 y)...... : 601.6 
ss . el Ns. a Goce Ee na sb dans mand wKo sd “ 276.8 
Taste III 
Activity of Component Parts of Pantothenic Acid 
Lactate was used as substrate. 
Os in 2 hrs. 
c.mm. 7 
Cell suspension... DEIR ROG sick a Pites 92.5 
' - + Ca pantothenate (20 y).... 293.7 
- - + butyrolactone* (20 y) 92.5 
as ” + 8-alanine (20 y) 85.0 
ss - + butyrolactone (20 y) + 8-alanine (20 y).. 98 .6 


*3,8-Dimethyl-a-hydroxy-y-butyrolactone. 


The stimulation of respiration of Proteus morganii requires the intact 
pantothenic acid molecule. The results in Table III demonstrate that 
the component parts of the molecule, 8-alanine and ,8-dimethyl-e- 
hydroxy-y-butyrolactone, alone or in combination could not substitute 
for pantothenic acid. 

The amount of pantothenic acid used in the above experiments was an 
excess, since additional experiments showed that as little as 0.02 y in the 
Warburg vessel exerted a perceptible effect, while 0.2 y produced marked 
stimulation. The small amount of pantothenic acid required leaves no 
doubt as to the catalytic function of this compound. 

In order to determine the manner in which pantothenic acid participates 
in the oxidation of lactic acid, it was first necessary to determine the path- 
way by which this compound is utilized by Proteus morganii. It seemed 
reasonable that the first step is the oxidation of lactic to pyruvie acid. 
An attempt was made to isolate pyruvic acid as the 2,4-dinitrophenyl- 
hydrazone with no success. Qualitative tests by the lanthanum nitrate 
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reaction as described above showed that acetic acid was produced. This 
suggested that if pyruvic acid is produced it is immediately oxidized. 
When pyruvate was utilized as substrate, it was found to be oxidized 
with a maximum oxygen consumption in c.mm. equal to approximately 
half of that obtained with lactate as substrate. The results of such an 
experiment are illustrated in Table IV. It was also found qualitatively 
that acetic acid was produced when the substrate was pyruvic acid. 
Table IV also shows that calcium pantothenate stimulates the oxidation 
of pyruvate to about the same extent (expressed in per cent) as it stimu- 
lates the oxidation of lactic acid. In repeated experiments it was found 


TABLE IV 


Effect of Calcium Pantothenate on Oxygen Consumption with Lactate and 
Pyruvate As Substrate 





Lactate } Pyruvate 





| Os in 2 hrs. | Stimulation | Oz in 2 hrs. | Stimulation 














c.mm percent c.mm per cent 
SER: scat ceenedaehapeseetes | 244 =O | 116 | 
“ “ + 207 Ca pantothenate 346 | 47 | 181 | 56 
TABLE V 
Respiratory Quotients with Lactate and Pyruvate As Substrates 
Lactate Pyruvate 
1.03 | 1.96 
0.85 | 2.02 
0.94 2.00 
1.05 1.70 
1.00 | 2.00 
1.00 | 2.03 
1.03 





that the stimulation of pyruvate oxidation was equal to or at times greater 
than the stimulation of lactate oxidation. 

These results suggested that lactic acid was oxidized to pyruvic acid 
which in turn was at least partially oxidized to acetic acid. 

Confirmation of this conclusion came from determinations of respiratory 
quotients. Thus it was found that when lactate was used as substrate the 
R.Q. was approximately 1.0, while when pyruvate was used as substrate 
the R.Q. was approximately 2.0. These values were obtained most con- 
sistently with stimulated cells and represent the over-all r.q. of the con- 
trol plus the stimulation. Table V summarizes the results of a number 
of experiments in which the r.q. was determined. 
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The results presented above indicate that lactic acid is being oxidized 
through at least two steps; that is, the lactic acid is first oxidized to pyruvie 
acid and the latter compound is then oxidized further, possibly to acetic 
acid. 

Since pantothenic acid stimulates both the oxidation of lactic and 
pyruvic acids, it can be concluded that the site of action of this compound 
is either solely on the oxidation of pyruvic acid, or on both the oxidation 
of lactic acid to pyruvic acid and the further oxidation of pyruvie aeid, 
The next experiments were undertaken to obtain further information with 
respect to these two possibilities. 

The use of ketone fixatives to prevent the second reaction was first 
tried but was of no help, since all of the ketone fixatives used inhibited 
both reactions. It was found, however, that when the cells were dried 
previous to the respiratory experiment they were no longer able to oxidize 
pyruvie acid, but retained their ability to oxidize lactic acid, although the 


TaBie VI 
Comparison of Effect of Calcium Pantothenate on Dried and Normal Cells 


Lactate Pyruvate 


O2 in 2 hrs. Stimulation O: in 2 hrs. Stimulation 


c.mm. per cent c.mm. per cent 
Intact cells - 156 67.5 
7 “ + 20 y Ca pantothenate us 284 82 134 100 
Dried cells 126.9 0 
= “ + 20 y Ca pantothenate 170.8 25.8 0 0 


total oxygen uptake on lactic acid was reduced. Concomitant with 
this loss in ability to oxidize pyruvic acid, the stimulation by pantothenic 
acid disappeared even when lactate was used as substrate. 

Table VI indicates the results of such an experiment. The cells were 
separated into two portions, one of which was dried and the other used 
without drying. The results on the intact cells showed marked stimula- 
tion when both pyruvic acid and lactie acid were used as substrates. On 
drying, however, it will be noted that pyruvic acid is no longer oxidized, 
while the stimulation on lactic acid was markedly reduced. In some 
experiments a small stimulation by pantothenic acid on dried cells was 
obtained, while in others it was completely abolished. In all cases it was 
reduced to such an extent as to leave no doubt as to the nature of the 
results. It can be concluded that pantothenic acid is not concerned in 
the oxidation of lactie acid to pyruvie acid, but is concerned rather with 
the further oxidation of pyruvic acid. 

That lactic acid was being oxidized to pyruvic acid was demonstrated 
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directly by the isolation of pyruvie acid as the 2,4-dinitrophenylhydrazone 
from a reaction mixture containing dried cells and lactic acid. The 
hydrazone was identified by a mixed melting point with a known sample 
prepared from pure pyruvic acid (m.p. 218-222° uncorrected). That the 
dried cells were unable to oxidize pyruvie acid was further indicated by 
the following facts. It was found that when either lactic acid or pyruvic 
acid was used as substrate with intact cells, acetic acid could be demon- 
strated qualitatively in the reaction mixture. The acetic acid was deter- 
mined by a modification of the lanthanum nitrate reaction as described 
above. When dried cells were utilized, no acetic acid could be 
demonstrated. 


Tas_e VII 
Ratio of Pyruvate Used to Oxygen Consumed 


Unstimulated cells Stimulated cells 
2.50 | 2.40 
3.70 2.30 
4.00 2.40 
2.20 2.00 
2.26 1.97 
2.26 1.74 
2.16 1.89 
1.97 1.83 
1.90 1.70 
2.27 2.08 
2.09 1.43 
) 


2.36 2.36 

The r.q. of dried cells was found to be close to 0. This is in agreement 
with the above postulation that under these conditions lactic acid is con- 
verted to pyruvic acid and the pyruvic acid is not further oxidized. 

The results given thus far indicate that in the metabolism of Proteus 
morganii pantothenic acid is concerned with the metabolism of pyruvic 
acid. In view of this conclusion it becomes of importance to determine 
the nature of the oxidation of pyruvie acid by these organisms. 

The evidence thus far presented tends to indicate that pyruvie acid is 
oxidized by these organisms to acetie acid and CO,. Closer study, how- 
ever, casts some doubt on the certainty of this conclusion. It will be noted 
in Table VII that although the pyruvate to O: ratio is close to 2.0 in most 
experiments, the addition of pantothenic acid (the stimulated cells) results 
in a lowering of this ratio. The large number of reactions which pyruvate 
is capable of undergoing makes the explanation of these data complex. It 
is possible that in the absence of added pantothenic acid some pyruvate 
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is metabolized through a pathway requiring less than an atom of oxygen 
per molecule of pyruvate and that the addition of pantothenic acid results 
in the preferential use of the pyruvate for oxidation to acetic acid, thus 
explaining the close approximation of the pyruvate to O, ratio to 2.0 on 
stimulated cells. Another explanation might be that the ratio we are 
studying is the summation of two or more pyruvate reactions and that the 
addition of pantothenic acid results in a more complete oxidation (i.,, 
the oxidation of acetic acid), thus resulting in a lowering of the pyruvate 
to O, ratio. This explanation is less likely, since the ratio never drops 
much below 2.0 and since the r.q. always is very close to 2.0. 

In order to obtain more data on this question a study was made of the 
ability of these organisms to oxidize acetic acid. It was found that 
acetic acid was oxidized, but with a maximum oxygen uptake of only one- 
third that obtained with pyruvie acid. The oxygen uptake with acetic 
acid as substrate was stimulated by pantothenic acid, but the magnitude 
of the oxidation and of the stimulation was not sufficient to explain the 
results obtained with pyruvate. 

Interpretation of the results obtained with acetate is difficult owing to 
the complete lack of knowledge of the manner in which acetate is utilized. 
It is possible that the stimulation of acetate oxidation is due to the reforma- 
tion from acetate of pyruvate. It is, however, also possible that the small 
oxygen consumption of acetate is an artifact, since oxidation of acetate 
may involve acetyl phosphate. An erroneous picture might then be 
obtained when free acetate is added, since the limiting reaction might be 
the phosphorylation of acetate. 


SUMMARY 


The results presented in this paper show that pantothenic acid is con- 








cerned in certain metabolic reactions of Proteus morganit. The evidence 
indicates that pantothenic acid is concerned with the metabolism of | 
pyruvie acid. The mechanism by which it participates in these reactions | 


is unknown. 

Although most of the evidence indicates that pantothenic acid is con- 
cerned in the conversion of pyruvic acid to acetic acid, the possibility can- 
not be ruled out that it acts on some other metabolic step involving pyruvic 
acid or some intermediate derived from pyruvic acid. 
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THE CHOLINE OXIDASE ACTIVITY OF FATTY LIVERS 


By PHILIP HANDLER* anp FREDERICK BERNHEIM 


(From the Department of Physiology and Pharmacology, Duke University School of 
Medicine, Durham, North Carolina) 


(Received for publication, April 30, 1942) 


It has been found that the choline content of fatty livers produced by 
“labile methyl deficiency” is no less and may be greater than the choline 
content of normal rat livers (1). It was suggested that this may be due 
to an inhibition of the choline oxidase by the increased fat content (1) 
similar to that produced in vitro by fatty acids (2) and that choline cannot 
enter into transmethylation reactions until it has been oxidized. The 
following experiments show that the choline oxidase activity of fatty livers 
is considerably depressed. 


EXPERIMENTAL 


Fatty livers in young rats were produced in 1 month on each of two diets. 
Diet A consisted of arachin 15, sucrose 35, rice starch 30, cottonseed oil 15, 
and salts (3) 5. Diet B contained casein 10, sucrose 72, cottonseed oil 10, 
salts (3) 7,and,in addition, nicotinamide 1. All rats received a daily supple- 
ment of 20 y of thiamine chloride, 20 y of pyridoxine, 40 y of riboflavin, 240 y of 
calcium pantothenate, 10 y of 3-methyl-1 ,4-naphthohydroquinone diace- 
tate, and 2 drops daily of a mixture of wheat germ and cod liver oils. The 
mechanism of fatty liver formation on the 1 per cent nicotinamide diet will 
be described in detail in a subsequent publication.! The livers produced 
by this diet contained about 25 per cent lipids, while the lipid content of 
the livers of rats which received Diet A varied between 30 and 38 per cent. 

Liver preparations were obtained by grinding the tissue in an equal 
volume of 0.05 m phosphate buffer, pH 7.8, and filtering through muslin. 
2.0 mg. of choline or succinic acid were added and the final volume in the 
Warburg vessel was 2.0 ml. Measurements were made at 5 minute inter- 
vals for 15 minutes in air at 37°, pH 7.8. 

Because of the difficulties inherent in the preparation of a standard 
broken cell suspension of liver, the choline oxidase activity was in each 
case compared with the succinoxidase activity of the same preparation. 
Many control experiments with the livers of normal rats have shown that 
the QO, ratio of choline to succinate is quite constant under the conditions 


* One of us (P. H.) is indebted to the John and Mary R. Markle Foundation for 
support of this investigation. 
' Handler, P., unpublished data. 
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used, varying only between 0.55 and 0.70. Table I shows the effect of 
different concentrations of a typical normal rat liver suspension on this 
ratio. Below concentrations of 0.4 ml. of the standard 1:1 liver suspension 
in a total of 2.0 ml. in the Warburg vessel the ratio falls off sharply. In 
the present comparisons 0.4 ml. of the suspension of normal liver was used 
in each instance. 

The fatty livers used in this study had a mean lipid content of 35 per 
cent. When such livers were compared with those of normal rats, it was 


TABLE I 


Effect of Different Concentrations of Normal Liver Suspension on Rate of Oxidation 


pH 7.8, 37°; 2.0 mg. of each substrate were used. 


__QOz2 choline — 
QO: succinate 
Liver suspension 0.2 ml. 0.4 ml. 0.6 ml. 0.8 ml. 
min 
5 0.51 0.75 0.54 1.00 
10 0.42 0.72 0.84 0.92 
15 0.41 0.70 0.82 0.92 


Taste Il 
Oxidation of 2.0 Mg. of Choline and 2.0 Mg. of Succinie Acid by 65 Mg. (Dry Weight) 
of Normal Rat Liver and by 158 Mg. (Dry Weight) of Fatty Liver Produced by 
Ingestion of Diet A 
Bath temperature 37°, pH 7.8; the respective control uptakes have been sub- 
tracted. 


Normal liver Fatty liver 
Time . e : 
Choline O: | Succinate _ QO: choline Choline Oz = Succinate _QOs choline 
uptake O uptake QO: succinate uptake Oz uptake QO: succinate 
mis. c.mm. c.mm. c.mm., c.mm. 
5 44 70 0.63 7 46 0.15 
10 74 129 0.57 16 94 0.17 
15 96 167 0.58 26 136 0.19 


necessary to compensate for the dilution effect of the fat. When livers 
from rats on Diet A were employed, the ratio of dry weight of fatty liver 
to dry weight of normal liver, in their respective Warburg vessels, was 
2.5:1. For livers of animals which had received Diet B the ratio employed 
was 2:1. This was more than ample compensation for the diluting effect 
of the fat and should have tended to increase the QO, ratio of choline to 
succinate for these livers as shown in Table I. 

Table II is the protocol of a typical comparison between a fatty liver 
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produced by the ingestion of Diet A and a normal liver. While there was 
apparently a decrease of 20 per cent in the succinoxidase activity of the 
fatty liver, there was a decrease of 80 per cent in the choline oxidase ac- 
tivity (without considering the discrepancy in the dry weights of tissue 
used ). 

This was further reflected by the 65 per cent drop in the QO, ratio of 
choline to succinate. When stearic acid was added to suspensions of nor- 
mal rat livers, the suecinoxidase activity was inhibited 19 per cent while 
the choline oxidase activity decreased 61 per cent (2). The results with 
added fatty acid and with fatty livers are, thus, in good agreement. It 
must be remembered, however, that the molecular concentration of neutral 
fat in these studies was more than 30 times as great as that of the stearic 
acid in the former experiments. 

When fatty livers produced by feeding Diet B were employed the results 
were not quite as striking. Again there was a small drop in succinoxidase 
activity. However, the choline oxidase activity was but 50 per cent less 
than that found in the normal controls. The mean values of QO, ratio of 
choline to succinate for such livers at 5, 10, and 15 minutes were 0.31, 0.38, 
and 0.35 respectively. 

It was originally reported that fatty acids inhibited the choline oxidase 
but that neutral fat did not. It is possible that added neutral fat did not 
become intimately mixed with the tissue suspension and that this was the 
reason for the negative results obtained. In the fatty liver the fat is 
originally incorporated within the cell and is thus presumably in contact 
with the tissue proteins and enzymes. While the inhibition of the choline 
oxidase in these fatty livers was not complete, these data do appear to 
support the hypothesis of Jacobi and Baumann. 


SUMMARY 


1. In normal rat livers, the ratio of the rate of oxidation of choline to 
that of succinic acid was found to be 0.60 under the conditions described. 

2. In fatty livers produced on a low methionine diet this ratio was found 
to decrease to 0.20. 
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(Received for publication, May 4, 1942) 


‘ 


In a previous paper (1) we showed that a “spectacle eye condition” in 
rats, produced by the addition of 10 per cent egg white to a purified ration 
containing synthetic B vitamins, could be prevented and cured by the 
addition of biotin. If the rats were continued on the egg white ration for 
§ to & weeks after the “spectacle eye’? symptom appeared, a typical 
paralysis or spasticity of the hind legs developed. Other workers (2-5), 
using various types of egg white diets, have reported varying degrees of 
paralysis. We wish to report in this paper that this syndrome also responds 
to biotin therapy. A definite increase in muscle creatine is associated 
with this biotin deficiency. Since Mannering et al. (6) reported a paralysis 
which is very similar to that seen in a biotin-deficient rat on a diet low in 
riboflavin and high in fat, the effect of varying the fat, riboflavin, and 


pyridoxine will also be reported. 


EXPERIMENTAL 


The basal ration had the following percentage composition: sucrose 73, 
Labeo casein 8, commercial egg white 10, Salts 4 (7) 4, and corn oil 5. 
Choline hydrochloride was added to this basal ration at 1 gm. per kilo of 
ration. The B complex vitamins were fed daily in supplement dishes at 
the following levels: thiamine hydrochloride 20, riboflavin 20, pyridoxine 
25, and calcium pantothenate 100 y. 2 drops of haliver oil were given 
each rat per week. 

At present we have produced this paralysis in thirty rats maintained on 
the ration cited. Since a biotin deficiency was indicated in these animals, a 
biotin concentrate! was injected at a level to supply 1 y of biotin per rat 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. We are indebted to the Works Progress Administration for 
assistance in the care of the animals and to Merck and Company, Inc., Rahway, 
New Jersey, for generous supplies of thiamine, riboflavin, pyridoxine, pantothenic 
acid, and choline, and to the Abbott Laboratories, North Chicago, Illinois, for 
haliver oil. 

+ Eli Lilly and Company Fellow. 

' Biotin concentrate No. 5000 was obtained from the Research Laboratories, 8. M. 
A. Corporation, Chagrin Falls, Ohio. 
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per day. We have cured twelve rats of this paralysis or spasticity over a 
2 to 3 week period of therapy. After these results were confirmed, it 
seemed desirable to investigate the effect of crystalline biotin. We had a 
group of four rats which showed severe paralysis. Two rats were given the 
methyl ester of biotin at a level of 1 y per day for 10 days and the other 
two rats were given biotin (acid) at the same level for 10 days. The four 
rats were then observed over a period of 3 to 4 weeks. In all the animals, 
a complete cure was noted at the end of this period. In order to give some 
idea of the responses observed, Fig. 1 was taken at the end of the 14th 
week on a high fat ration (weight 138 gm.); Fig. 2 portrays the same rat 
after it had been given 1 y of biotin for 10 days and then allowed an addi- 
tional 16 days to recover (weight 190 gm.). The response to the free 





Fig. 1 Fic. 2 
Fig. 1. A biotin-deficient rat; body weight 138 gm. 
Fic. 2. The same rat as in Fig. 1; given 1 y of biotin per day for 10 days and then 
allowed an additional 16 days to recover; body weight 190 gm. 


biotin seemed to be more rapid than that observed with the methyl ester 
of biotin. Since we did not feed limiting levels and since the methyl ester 
contains about 10 per cent of its total activity as free biotin, it is difficult 
to draw a definite conclusion, but it would appear that the rat does not 
utilize the ester as efficiently as the free biotin. 

It was possible to maintain rats for 25 weeks on the ration described 
if at the 14th week 1 y of biotin per day was administered for a 2 week 
period. At autopsy such animals at the 25th week showed no pathological 
changes other than those characteristic of a mild biotin deficiency. It 
would thus appear that biotin was the only limiting factor in this diet. 

A fat-free ration was devised by replacing the corn oil in our ration with 
sucrose. Four rats were placed on this ration and the typical paralysis 
was noted in all the animals at the end of 9 weeks. Throughout these 
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studies we have had thirty rats on the ration described and the onset of this 
symptom appears in from 9 to 12 weeks. The level of fat in the ration was 
studied, since high levels of fat in a riboflavin-low ration increased this 
type of paralysis (6). The high fat ration employed had the following 
percentage composition: sucrose 28, casein 11, commercial egg white 14, 
Salts 4 (7) 6, and lard 41. Choline hydrochloride was added at 3 gm. per 
kilo of ration. This ration contains 41 per cent of fat and the sucrose was 
replaced isocalorically by lard. Six rats were maintained on this ration 
while the riboflavin supplementation was increased to 100 y per day. The 


TaBLe I 
Creatine Content of Muscle 








Animal No. Period on ration | Final weight Degree of paralysis Creatine 

wks. gm. mg. per gm. 
1 13 9 8«| Spastic | 4.48 
2 13 188 r 4.36 
3 13 120 - 4.61 
4 13 120 Normal* 3.23 
5 14 195 Slight, spastic 3.85 
6 9 68 Spastic 4.30 
7 9 | 170 Normalt | $.62 
8 9 173 = 3.90 
9 14 114 Spastic 4.53 
10 15 140 mere 3.46 
11 15 191 Normal|| 3.66 
12 15 140 Slight, spastic 4 4.05 
13 15 120 Spastic 4.52 
14 9 72 _ 4.44 


* Basal ration; cured with biotin over a 3 week period. 

t Basal ration with 1 y of biotin given orally as a daily supplement. 
t Basal ration with egg white replaced by casein. 

§ High fat ration. 

| Fat-free ration; cured with biotin. 

{ Fat-free ration; partially cured with biotin. 


onset of spasticity was materially lengthened, usually occurring in from 
12 to 14 weeks. Three additional animals were maintained on the high 
fat ration but received a normal level of riboflavin. The onset of spasticity 
was 12 to 14 weeks. From these studies it appears that fat has a slight 
sparing action, in contrast to the results obtained in rats fed a riboflavin- 
low ration. Albino rats develop a biotin deficiency sooner than piebald 
rats, but piebald rats were used in all the studies reported in this paper. 
The effect of riboflavin and pyridoxine was studied in the following 
manner. A group of four rats was placed on the basal ration with the 
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riboflavin supplementation increased to 100 y per day. All the animals 
developed the paralysis in from 10 to 12 weeks. Another group of four 
animals was given 100 y of riboflavin per day by intraperitoneal injection; 
again the onset of paralysis was not changed. Four additional rats were 
maintained on the basal ration, the riboflavin was increased to 120 y 
(orally) per day, and pyridoxine was increased to 75 y per day with no 
noticeable effect. In another group of four rats the pyridoxine supple- 
mentation was increased to 100 y per day and the paralysis developed over 
a period of 8 to 11 weeks. Judging from the results of these sixteen 
animals it appears that riboflavin, pyridoxine, or the combination of the 
two vitamins had no effect on this paralysis. 

Muscle creatine was studied in the following manner. The animals were 
killed by stunning and samples of muscle taken from the thigh of the hind 
leg. Creatine (total creatine) was determined by the method of Rose, 
Helmer, and Chanutin (8), with the following modification. A 1 ml. 
aliquot of the clear filtrate was diluted with distilled water to 10 ml. in 
an Evelyn tube, the alkaline picrate added, and the color read in the 
colorimeter with a No. 520 filter. This method is not specific for creatine 
but Baker and Miller (9) have shown that the error is probably less than 
10 per cent in the analysis of skeletal muscle. The creatine values are 
given in Table I. The rats which were biotin-deficient gave higher 
creatine values. The animals which were partially cured by means of 
biotin administration gave values which were approaching the normal 
values obtained. The musculature of the biotin-deficient animals had a 
sinewy appearance, but did not have a lower water content. 

DISCUSSION 

A typical paralysis or spasticity of the hind legs develops in biotin- 
deficient rats. This paralysis has been produced very consistently by the 
inclusion of egg white in a synthetic diet which allows good growth in the 
absence of egg white. A similar paralysis has been produced in rats 
maintained on a riboflavin-low ration by Mannering, Lipton, and Elvehjem 
(6). Under their conditions high levels of fat in the diet exaggerated the 
paralysis. High levels of fat in our ration did not hasten the onset of this 
spasticity but had a slight protective action. The paralysis reported in 
this paper was not corrected by riboflavin. It appears that riboflavin is 
necessary for the optimum synthesis of biotin in the intestinal tract of the 
rat. (unpublished data). Since riboflavin appears to be involved in the 
synthesis of biotin, the riboflavin-low ration may be a means of producing 
an imbalance or a mild biotin deficiency. Biotin-deficient rats are very 
sensitive to handling in the lumbar area of the spine and this is also char- 
acteristic of the riboflavin-deficient animals. 
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The muscle creatine of biotin-deficient rats is abnormally high. The 
administration of biotin decreases the muscle creatine. The paralysis 
observed is not due to low creatine levels, an abnormality found in muscle 
dystrophy of vitamin E-low rats investigated by Knowlton and Hines (10) 
and Telford, Emerson, and Evans (11). 

Findlay and Stern (3) in studies with rats maintained on an egg white 
ration have reported a lesion in the spinal cord and slight but definite 
changes in the peripheral nerves. These investigators used a ration which 
was low in riboflavin and may have observed the lesions found by Shaw 
and Phillips (12) as being characteristic of a riboflavin deficiency. Our 
animals did not show any gross pathology of the nerves as is the case with 
riboflavin-deficient rats. The tissues of the biotin-deficient animals have 
been given to Dr. P. H. Phillips and the histological studies will be re- 
ported in a separate paper. 


SUMMARY 


1. A paralysis is produced in rats by the inclusion of low levels of egg 
white in a synthetic ration. The administration of biotin concentrates or 
biotin is specifie for this syndrome. 

2. High levels of fat in the diet slightly prolong the onset of paralysis. 

3. Riboflavin, pyridoxine, or the combination of the two vitamins was 


without effect. 
1. High creatine levels were observed in the leg muscle of paralytic rats. 
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A COMPARISON OF THE ALKALINE CLEAVAGE PRODUCTS OF 
TWO STRAINS OF TOBACCO MOSAIC VIRUS 


By C. A. KNIGHT ano MAX A. LAUFFER 


(From the Department of Animal and Plant Pathology of The Rockefeller Institute for 
Medical Research, Princeton) 


(Received for publication, May 4, 1942) 


Two fundamentally different possibilities for the structure of high molec- 
ular weight nucleoproteins of the virus type were recently suggested by 
Pfankuch (1). One alternative was represented by an enormous protein 
component to which nucleic acid side chains were attached, while the other 
possibility involved a chain-like structure consisting alternately of small 
protein and nucleic acid units. 

Pfankuch removed nucleic acid from tobacco mosaic virus and from a 
variant (TM44) by means of either alkali or pyridine and studied the pro- 
teins thus obtained in the Tiselius electrophoresis apparatus (1). Each 
protein appeared to be electrochemically homogeneous, and, although a 
mixture of the intact viruses had given a double boundary, a mixture of the 
nucleic acid-free proteins yielded a single boundary. From this observa- 
tion and from one solubility test, it was concluded that the proteins ob- 
tained from the two strains were chemically identical while the nucleic acids 
were different. Since the protein derived from each strain exhibited no 
specific turbidity in a specially prepared neutral solution, Pfankuch con- 
cluded that it was of low molecular weight. From these experiments, 
Pfankuch was led to draw the general conclusions that the structure of virus 
nucleoproteins was best represented by the chain hypothesis in which small 
protein units are linked alternately with nucleic acid units, and that the 
differences between tobacco mosaic virus and its variant strains can be at- 
tributed to quantitative or qualitative differences in the nucleic acid com- 
ponent of the virus molecule. The latter conclusion had been suggested 
earlier by Pfankuch, Kausche, and Stubbe when they observed a 15 per 
cent difference between the phosphorus contents of two strains of tobacco 
mosaic virus (2). 

Evidence was recently presented from this laboratory which, contrary to 
Pfankuch’s conclusions, showed that, in the case of spontaneously arising 
strains of tobacco mosaic virus, the chemical differences between strains 
probably lie not in the nucleic acid but rather in the protein part of the 
virus molecule (3). For example, tyrosine, tryptophane, and phenylal- 
anine contents of 6.4, 3.5, and 4.3 per cent, respectively, were found for the 
Holmes rib-grass strain as compared to the strikingly different values of 
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3.8, 4.5, and 6.0 per cent, respectively, established for ordinary tobaceo 
mosaic virus. Moreover, the rib-grass virus was found to contain about 
3 times as much sulfur as ordinary tobacco mosaic virus! and to contain 
histidine, an amino acid which appears to be entirely lacking in tobaceo 
mosaic virus. Qualitative tests showed that both viruses contained the 
yeast type of nucleic acid. Phosphorus analyses gave values of 0.54 and 
0.56 per cent, a fact which may be considered an indication of the absence 
of significant quantitative differences in the nucleic acid component of the 
viruses, 

In view of the definite differences in the amino acid contents of rib-grass 
and ordinary tobacco mosaic viruses, it seemed worth while to investigate 
these viruses and their protein components by the electrophoretic tech- 
nique, in order to test the sensitivity of this method to small but significant 
differences in the composition of related proteins. It was believed that this 
study might afford a critical test of Pfankuch’s assumption that electro- 
chemical homogeneity of the mixed alkaline cleavage products of two 
viruses indicated that the proteins of those viruses were chemically iden- 
tical. Moreover, it was hoped that such an investigation would yield in- 
formation regarding the structure of nucleoproteins of the tobacco mosaic 
virus group. 


EXPERIMENTAL 


Preparation of Materials—The general properties of tobacco mosaic virus 
are well known. The general characteristics and some of the physical and 
chemical properties of the rib-grass strain have recently been described! 
(4). In the present experiments, each virus was obtained from appropri- 
ately diseased Turkish tobacco plants. The viruses were isolated from the 
infectious juices of these plants and were highly purified by the customary 
cycles of high and low speed centrifugation. 

Nucleic acid-free protein* was prepared from each virus by adding drop- 
wise and with stirring enough 50 per cent sodium hydroxide to 50 ml. of an 
ice-cold 0.2 per cent solution of virus in distilled water to bring the total 
concentration of alkali to 5 per cent. After 2 minutes, the solution was 
neutralized to litmus with glacial acetic acid. 15 minutes later the pre- 
cipitated protein was separated by centrifugation and washed two times 
with 15 to 20 ml. of cold distilled water. The protein was next dissolved in 
10 ml. of 0.01 ~ sodium hydroxide and reprecipitated by the addition of an 
equal volume of saturated sodium sulfate. The precipitate was isolated by 


1! Knight, C. A., J. Biol. Chem., in press 

* Knight, C. A., unpublished data 

* The nucleic acid-free materials will be referred to throughout this report 4s 
virus proteins, and the intact viruses will be referred to as such or will be called by 
their respective names; i.e., tobacco mosaic virus and rib-grass virus. 
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centrifugation, washed once with 15 ml. of cold water, and finally dissolved 
in 10 ml. of 0.01 N sodium hydroxide. The alkaline solution of protein was 
centrifuged for 10 minutes at 30,000 R.p.M, and the small amount of residue 
obtained in this step was disearded. Yields of about 75 per cent of the 
theoretical were generally obtained. 

Phosphorus and carbohydrate analyses demonstrated that essentially all 
of the nucleic acid had been separated from the protein component of each 
virus. The absence of nucleic acid from the protein preparations was also 
shown by the results of ultraviolet absorption studies carried out by Dr. 
G. I. Lavin and described in detail elsewhere.! The intact viruses showed 
a maximum absorption at about 2675 A., and the proteins showed a max- 
imum absorption at about 2800 A. The relative positions of maxima and 
minima and the shapes of the curves were those to be expected from nu- 
cleoproteins and simple proteins, respectively. In addition, further evi- 
dence of the absence of intact virus from the preparations was obtained 
when activity tests of the proteins on Nicotiana glutinosa L. yielded no 
lesions. 

Electrophoresis Experiments— Electrophoresis experiments were per- 
formed in the Tiselius apparatus with the Longsworth schlieren scanning 
method (5). All materials were dialyzed to equilibrium against the buffer 
to be used in the electrophoresis cell. 

The intact viruses were examined first separately and then in a mixture. 
These experiments were performed in 0.05 m phosphate buffer at pH 7.1 
with concentrations of protein from 2 to 4 mg. per ml. A single sharp 
boundary was obtained for each virus, while two sharp boundaries were ob- 
tained for the mixture of viruses. The mobilities of tobacco mosaic virus 
and the rib-grass strain calculated from the descending boundaries in the 
individual runs were —8.8 X 10-' and —7.6 X 10-° em. per second per volt 
per cm., respectively. The mobilities of the two viruses in the mixture 
were —8.9 and —7.8 X 10°. 

The nucleic acid-free proteins obtained from the two viruses by the pro- 
cedure described above were next mixed in equal quantities and examined. 
Experiments were performed in 0.05 m phosphate buffer at pH 7.1 and also 
in 0.1 N sodium hydroxide-0.2 N glycine buffer at pH 10. In some cases the 
virus proteins were mixed before and in other cases after dialysis. Single 
boundaries were obtained in the electrophoresis apparatus in all cases. 
These experiments demonstrated that mixtures of two chemically different 
virus degradation products may show only a single boundary in the electro- 
phoresis apparatus. Hence, failure to resolve a mixture of proteins by this 
method cannot be regarded as even reasonable evidence of the chemical 
identity of the components, as was assumed by Pfankuch. A more de- 
tailed consideration of the results of the present study, however, revealed 
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that the single boundaries obtained with mixtures of virus proteins may 
undergo some reversible spreading. This could be due to a slight difference 
between the mobilities of the two components of the mixture. Such slight 
resolution as this, however, could not be detected by the schlieren band 
method used by Pfankuch. 

Amino Acid Analyses—The single boundary obtained in the electro- 
phoretic study of the mixed alkaline cleavage proteins made it seem de- 
sirable to demonstrate that the differences in amino acid composition known 
to exist in the intact viruses were still present in the nucleic acid-free ma- 
terials. This was accomplished by analysis of each material for aromatic 
amino acids. 

A portion of each cleavage protein was dialyzed against flowing distilled 
water until precipitation occurred. The protein was then sedimented in 
an angle centrifuge, washed twice with cold water, frozen, and dried in 
vacuo, and finally further dried at 110°in an oven. The white powder thus 
obtained was hydrolyzed and analyzed as described recently for the intact 
viruses (3). Tyrosine, tryptophane, and phenylalanine values of 6.7, 3.4, 
and 4.65 per cent, respectively, were found for the rib-grass virus protein 
compared to 4.05, 4.65, and 6.5 per cent, respectively, for the ordinary to- 
bacco mosaic virus protein. These values indicated that the alkaline 
cleavage products had retained chemical differences noted in the intact 
viruses, and that the single boundaries obtained with mixtures of the 
alkaline cleavage proteins in the electrophoresis experiments were actually 
obtained with two materials of different chemical compositions. 

Size of Cleavage Products—One preparation of each nucleic acid-free 
protein was examined in a rocking osmometer at 6°. Owing to the limited 
solubility of the proteins, it was necessary to perform the experiments in a 
less concentrated salt solution than might otherwise have been desirable. 
The sodium hydroxide-glycine buffer which was used in one of the electro- 
phoresis experiments was employed. About 1 per cent solutions of the 
proteins developed negligible pressures in 5 days. This result suggested 
that the particle weight of the material under the above conditions was at 
least several hundred thousand. 

Attempts were next made to ascertain the size of the protein by means of 
the analytical ultracentrifuge. A mixture composed of 2 mg. of each of the 
intact viruses gave a single boundary with Sx») = 188 X 10-". This value 
is in reasonable agreement with that obtained for tobacco mosaic virus 
alone (6). However, difficulty was encountered with the nucleic acid-free 
proteins, for it quickly became apparent that both proteins possessed a 
tendency to aggregate to form large particles which sedimented almost im- 
mediately. This phenomenon was particularly pronounced with both 
proteins in phosphate buffer at pH 7.1 but also occurred with tobacco mo- 
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sai¢ virus protein in sodium hydroxide-glycine buffer at pH 10. More- 
over, rise in temperature appeared to accelerate aggregation in almost every 
case. However, the rib-grass virus protein remained comparatively un- 
aggregated in the buffer at pH 10 and gave a single boundary in the ultra- 
centrifuge. Three different preparations of rib-grass virus protein con- 
taining 5 mg. of protein per ml. gave sedimentation constants of 25, 27, and 
30 X 10-. ‘If it is assumed that these products are spheres with a partial 
specific volume of about 0.735, the average of these values would correspond 
toa molecular weight of about 7 X 10°. It was next found possible to ob- 
tain a boundary in the ultracentrifuge with tobacco mosaic virus protein if 
the protein were dissolved in 0.01 m sodium hydroxide. With 1 per cent 
solutions of the protein, sedimentation constants of 11 and 15 X 10-®, cor- 
responding to molecular weights of 1.2 X 10° and 3 X 105, were obtained 
for two different preparations. In order to obtain comparative values, the 
rib-grass virus protein was also centrifuged in 0.01 m sodium hydroxide. 
Sedimentation constants of 4.6 and 5.9 X 10-", corresponding to molecular 
weights of 5 and 7 X 10‘, were obtained with 0.01 Mm alkali solutions con- 
taining 11.9 and 10 mg. of protein per ml., respectively. When a 1 per cent 
solution in 0.01 m sodium hydroxide of the tobacco mosaic virus protein 
with a sedimentation constant of 11 X 10~-* was mixed with a similar 1 per 
cent solution of the rib-grass virus protein with a sedimentation constant 
of 4.6 X 10-", a single boundary was obtained in the ultracentrifuge with a 
sedimentation constant of 16 X 10-, from which a molecular weight of 
about 3.3 X 10° could be calculated. This somewhat surprising result ap- 
peared to indicate the formation of a mixed aggregate of the two proteins. 

Solutions of the proteins in 0.01 m sodium hydroxide were also used in a 
study with the electron microscope. As described in a recent communica- 
tion, the intact viruses are rod-shaped, and there appears to be no striking 
difference in the average size of their particles. Electron micrographs of 
the alkaline cleavage proteins demonstrated particles which reflected the 
previously noted tendency of the materials to form aggregates. The to- 
bacco mosaic virus protein appeared quite heterogeneous in size and shape, 
although none of the material approached the size and shape of the intact 
virus. Assuming a spherical shape for the smaller particles in the micro- 
graphs, it was possible to calculate a molecular weight which agreed roughly 
with that calculated from the sedimentation constant for the same ma- 
terial. Micrographs of the rib-grass virus protein either showed no par- 
ticles or occasionally a few masses of material which presumably might have 
been formed during preparation of the mounts. This was to be expected 
from the sedimentation data, for the apparent size of the material in 0.01 
alkali was such as to be practically invisible in the electron microscope. 
Micrographs of a mixture of tobacco mosaic and rib-grass virus proteins 
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showed an appreciable amount of material, but again there was no uni- 
formity in the size and shape of the particles. The electron micrographs 
referred to above were kindly made by Dr. T. F. Anderson, RCA Fellow of 
the National Research Council. 


DISCUSSION 


The various strains of tobacco mosaic virus are closely related nucleo- 
proteins; nevertheless, these virus strains differ in subtle biological speci- 
ficities. According to our present knowledge, such differences in biological 
properties are probably manifestations of differences in the structure or in 
the composition either of the nucleic acid or of the protein constituents of 
the various virus molecules. Pfankuch considered that the differences 
reside in the nucleic acid portions, and he based his conclusion on the ob- 
servation that a mixture of the protein components of two strains gave a 
single boundary in an electrophoresis experiment. In the present investi- 
gation, a mixture of two virus proteins with unequivocal chemical differ- 
ences was found to show a single boundary in the electrophoresis apparatus. 
Therefore, Pfankuch’s conclusions from similar data are left without ma- 
terial support. The latter fact does not, however, exclude the possibility 
that strains of tobacco mosaic virus may differ with respect to their nucleic 
acid components, although at present there is little direct chemical evidence 
to that effect. 


The authors wish to express their appreciation to Dr. W. M. Stanley for 
help and encouragement during the course of this investigation. 


SUMMARY 


Nucleic acid was removed by means of alkali from ordinary tobacco mo- 
saic virus and a rib-grass strain of tobacco mosaic virus. The nucleic acid- 
free protein components of the viruses were examined in the Tiselius electro- 
phoresis apparatus, in the analytical ultracentrifuge, and in the electron 
microscope. Although it was shown that the protein components differed 
in their amino acid composition, a mixture of the proteins at pH 7.1 and at 
pH 10 migrated in an electrical field as though composed of a single com- 
ponent. From these experiments, it was concluded that the electrophoretic 
technique could not be depended upon to distinguish between biologically 
related but chemically different proteins. It was found possible under 
certain conditions to obtain sedimentation constants and, hence, estimates 
of the average size of the protein particles in several preparations. The 
smallest and largest materials represented by different preparations cor- 
responded to molecular weights of 5 X 10 and 7 X 10°. Electron 
micrographs of the proteins showed particles of many sizes, some of which 
corresponded to those calculated from sedimentation data. 














i- 


of 








wo wre 


cow > 


c. A. KNIGHT AND M. A. LAUFFER 417 


BIBLIOGRAPHY 


_ Pfankuch, E., Biochem. Z., 306, 125 (1940). 

_ Pfankuch, E., Kausche, G. A., and Stubbe, H., Biochem. Z., 304, 238 (1940). 
. Knight, C. A., and Stanley, W. M., J. Biol. Chem., 141, 39 (1941). 

Holmes, F. O., Phytopathology, 31, 1089 (1941). 

_ Longsworth, L. G., J. Am. Chem. Soc., 61, 529 (1939). 

Lauffer, M. A., J. Physic. Chem., 44, 1137 (1940). 

















, — - 


a rg) 


~ 














RELATION OF THE CONCENTRATION OF STARCH 
SUSPENSIONS TO THEIR VISCOSITY* 


By WILBURT C. DAVISON 


(From the Department of Pediatrics, the Johns Hopkins University, School of Medicine, 
Baltimore, and the Department of Pediatrics, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, April 16, 1942) 


Twelve of the observations in Table I were made by pipetting 10 cc. of 
(0.1 mM phosphate mixture at pH 5.6 (95 ce. of 0.1 m KH,PO, + 5 ce. of 0.1m 
Na,HPO,) into an Ostwald viscosimeter and determining its viscosity (the 
outflow time of 5 ec.) at 34°, and then successively withdrawing 1 cc. of the 
phosphate mixture and replacing it by 1 cc. of a fresh 5 per cent suspension 
of Lintner soluble starch' and determining the viscosity of the resulting 
suspensions. This procedure was repeated twelve times. The first solu- 
tion was starch-free, the second contained 50 mg. of starch, the third con- 
tained 95 mg. of starch (50 — 5 + 50), etc., increasing the starch concen- 
tration until the twelfth suspension containing 358.79 mg. of starch in 10 
ec. was reached. 

The remaining eight observations recorded in Table I were made by 
pipetting 10 ce. of the fresh 5 per cent starch suspension into an Ostwald 
viscosimeter and determining its viscosity at 34°, and then successively 
withdrawing 1 cc. of this starch suspension and replacing it by 1 ce. of 0.1 
mM phosphate mixture, and determining the viscosity of the resulting sus- 
pensions. This procedure was repeated eight times. The first suspension 
contained 500 mg. of starch in 10 ec. of 0.1 M phosphate mixture at pH 
5.6, the second contained 450 mg. of starch (500 — 50), the third contained 
405 mg. of starch (450 — 45), etc., decreasing the starch concentration until 
the eighth suspension containing 239.15 mg. of starch in 10 cc. was reached. 

A plot of the relative viscosities observed in these two series of measure- 
ments against the respective starch concentrations (gm. per 100 ec.) indi- 
cated an agreement to within about +2.5 per cent, which may be taken as 
the basic error of the method employed. 


* This work was carried out with the greatly appreciated assistance of Dr. Hans 
Neurath of the Department of Biochemistry, Duke University School of Medicine. 

' All of the studies in Table I were made with the same preparation of soluble 
starch (Merck, made according to Lintner). Those in Table Il were made with 
another preparation of Lintner soluble starch. The viscosity of starch suspensions 
varies with the particular lot of soluble starch employed. This variation bears but 
little relation to the water content of the starch. ‘The sample of Lintner starch used 
in Table I had 10.1 per cent moisture, and that in Table II had 9.2 per cent. 
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Inspection of the data indicated a non-linear relation between relative 
viscosity and solute concentration, as has been observed with most solutions 
of high polymeric substances (1). The data did not satisfy the logarithmic 
relation of Arrhenius (2), but appeared to follow, within the limits of the 
experimental error, the concentration-fluidity relation of Treffers (3) 


TABLE I 


Relation of Concentration of Starch Suspensions (Made by Dilution) to Their Relative 
Viscosity and Specific Fluidity 


ee 


Concentration of Outflow time of Relative Specific fiuidity factor 
starch suspension, ¢ Ris nl viscosity, = fluidity, = -1 wis = 1 of 
(1) (2) (3) (4) (5) 
per cent See. “a 
5.00 (Decreasing) 104.3 2.125 —0.529 | 0.106 
4.50 tg 96.3 1.96 —0.490 0.109 
4.05 “3 89.9 1.83 —0.454 0.112 
3.65 me 84.3 1.71 —0.415 | 0.113 
3.59 (Increasing) 80.0 1.63 —0.387 0.107 
3.43 ‘ 78.7 1.60 —0.375 0.109 
3.28 (Decreasing) 79.5 1.62 —0.383 0.117 
3.26 (Increasing) 76.6 1.56 —0.360 0.111 
3.06 - 74.6 1.52 —0.342 0.109 
2.95 (Decreasing) 75.4 1.53 —0.347 0.117 
2.85 (Increasing) 72.0 1.47 —0.318 0.111 
2.66 (Decreasing) 72.4 1.47 —0.322 0.121 
2.61 (Increasing) 70.2 1.43 —0.301 0.115 
2.39 (Decreasing) 69.1 1.41 —0.290 0.121 
2.34 (Increasing) 67.8 1.38 —0.276 0.118 
2.05 - 64.7 1.32 —0.240 0.117 
1.72 “ 61.4 1.25 —0.200 0.117 
1.36 - 58.9 1.20 —0.163 0.120 
0.95 ” 55.2 1.12 —0.106 0.112 
0.50 52.2 1.06 —0.057 0.114 
ee ON ie dard Wes rs Sa $30.0 wh 0.114 


* The outflow time of 5 cc. of the buffer solution (no) was 49.1 seconds. 


no/n — 1 
c 


in which o/n was the reciprocal of the relative viscosity, c the solute con- 
centration in weight per cent, and k a constant. As shown in Columns 4 
and 5 of Table I, this relation was satisfied fairly closely by the present data. 
A plot of the specific fluidity against the starch concentration was a straight 
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line. The data did not admit of a further evaluation in terms of molecular 
volume (4) or shape (5). 

However, starch suspensions made individually by weight and not by 
successive dilutions of a stock suspension, as in Table I, did not follow the 
concentration-fluidity relation of Treffers (3). For example, 1.04, 2.5, 5.0, 
and 7.5 gm. of Lintner soluble starch! were suspended in 100 ec. of 0.1 m 
phosphate solution at pH 7.0 (40 cc. of 0.1 m KH,PO, + 60 ce. of 0.1 mM 
Na,HPO,), boiled 1 to 2 minutes, autoclaved 15 minutes at 15 pounds pres- 
sure, one or more thymol crystals added, and the suspensions filtered, while 
hot, through one thickness of muslin. As shown in Table II, the concen- 
tration-fluidity factor of these four suspensions varied from 0.121 to 0.252, 


TaBLe II 
Relation of Concentration of Starch Suspensions (Made by Weight) to Their Relative 
Viscosity and Specific Fluidity 





| | | ) “ 
Concentration of | Outflow time | Outflowtime | Relative Specific Con ey meer 
mein, « | essa | obScssbuler | vacnity,2 | audiy, #1 | wea 
| | i 
per cent Sec. Séc. 
7.5 385.2 33.0 | 11.67 | -0.91 | 0.121 
7.5 351.4 29.5 | 11.91 -0.91 | 0.121 
5.0 257.7 49.7 5.18 -—0.81 | 0.162 
5.0 248.0 48.0 5.17 —0.81 | 0.162 
2.5 90.5 41.3 219 | -0.54 | 0.216 
2.5 127.4 55.8 2.28 -—0.56 | 0.224 
1.04 39.2 28.5 1.38 —0.27 | 0.252 
1.04 40.6 29.5 1.37 —0.27 | 0.252 


*See reference (3). 


while that of the suspensions made by dilution (Table I) varied only from 
0.106 to 0.121 with a mean of 0.114. A plot of the specific fluidity against 
the starch concentration indicated a non-linear relation. 

The probable explanation for this discrepancy is that the starch in sus- 
pensions made with Lintner soluble starch apparently exists in at least two 
forms: (a) microscopically visible starch granules, and (b) ultramicroscopic 
colloidal particles. The former were counted in a blood counting chamber 
and numbered from 2800 to 3950 per c.mm. in a 5 per cent suspension. Af- 
ter the suspension had been allowed to stand several hours, these granules 
sank to the bottom of the tube, but the supernatant fluid which contained 
the colloidal particles remained opalescent indefinitely. The viscosity of 
the suspension remained constant; so the colloidal particles were responsible 
for its viscosity. Consequently the viscosities of dilutions of a stock sus- 
pension were more uniform than those of suspensions made by weight. 
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POLYSACCHARIDE SYNTHESIS FROM GLUCOSE BY MEANS 
OF PURIFIED ENZYMES* 


By SIDNEY P. COLOWICK ann EARL W. SUTHERLAND 


(From the Department of Pharmacology, Washington University School of Medicine, 
St. Louis) 


(Received for publication, May 4, 1942) 


Although the formation of glycogen and of starch from monosaccharides 
in animal and plant cells has been the subject of exhaustive study since the 
time of Claude Bernard, an insight into the mechanism of the process has 
been gained only recently. The fundamental discovery by Robison (1) 
that a mixture of glucose- and fructose-6-phosphates is formed from 
hexoses in yeast extract, and the isolation by Embden and Zimmermann (2) 
of a similar mixture of esters from skeletal muscle, provided the basis for 
later studies, with intact tissues as well as with cell-free enzyme systems, 
in which it has been established that hexose monophosphate is a necessary 
intermediate in the formation of polysaccharide from hexoses. 

Cori and Cori (3) showed that upon tetanic stimulation of mammalian 
muscle the glycogen which disappeared was considerably in excess of the 
lactic acid formed and that the excess was accounted for by an increase in 
the level of hexose monophosphate. During aerobic recovery of stimulated 
muscle, glycogen was resynthesized at the expense of hexose monophos- 
phate (4). In resting frog muscle kept anaerobically in Ringer’s solution, 
the rate of breakdown of glycogen was markedly increased by the addition 
of epinephrine, and hexose monophosphate accumulated in amounts equiva- 
lent to the inorganic phosphate which disappeared (5). The same effect 
of epinephrine was observed when iodoacetate was added to prevent 
esterification of inorganic phosphate with creatine, and it was concluded 
that hexose monophosphate was formed by direct esterification of inorganic 
phosphate with carbohydrate (6). 

Parnas and Baranowski (7) showed that this formation of hexose- 
(}-phosphate from glycogen and inorganic phosphate (which they termed 
“phosphorolysis”) also took place in muscle extracts. It was then found 
by Cori and Cori (8) in experiments with minced frog muscle and with 
muscle extracts that the primary product of the reaction between glycogen 
and inorganic phosphate was glucose-l-phosphate; this then underwent 


* This work was supported by a grant from the Rockefeller Foundation. 

From the thesis presented by one of the authors (S. P. C.) to the Board of Graduate 
Studies, Washington University, in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 
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what was believed to be an irreversible intramolecular rearrangement to 
form glucose-6-phosphate (9). The enzymes, phosphorylase and phospho- 
glucomutase, which catalyze the phosphorolysis and the rearrangement, 
respectively, were shown to be present in a number of mammalian tissues 
and in yeast (10). 

The reaction catalyzed by phosphorylase is now known to be reversi- 
ble; 7.e., the formation of polysaccharide and inorganic phosphate from 
glucose-1-phosphate has been shown by Schaffner and Specht (11) and by 
Kiessling (12) with yeast phosphorylase, by Cori, Schmidt, and Cori (13, 
14) with phosphorylase from muscle, liver, heart, and brain, and by several 
other investigators working with both plant and animal tissues (15, 16), 
Phosphorylase has recently been isolated in crystalline form from muscle by 
Green, Cori, and Cori (17). 

Since glucose-1-phosphate can be converted enzymatically into poly- 
saccharide, and since there is present in yeast and in animal tissues an 
enzyme, hexokinase, which catalyzes the reaction between glucose and 
adenosine triphosphate to form glucose-6-phosphate, it only remained 
necessary to show that glucose-6-phosphate could be converted to glucose- 
1-phosphate, in order to establish the mechanism of polysaccharide forma- 
tion from glucose. 

In a recent note (18) it was reported that the reaction catalyzed by 
phosphoglucomutase was in fact reversible and that, at equilibrium, 
approximately 5 per cent of the glucose monophosphate was present as 
l-ester and 95 per cent as 6-ester. In spite of the unfavorable position of 
the equilibrium, a formation of polysaccharide from glucose-6-phosphate 
could be demonstrated by the combined action of phosphoglucomutase and 
phosphorylase, by keeping the level of inorganic phosphate low enough to 
allow Reaction 3 to proceed to the side of polysaccharide formation. 


Glucose + adenosine triphosphate 


30% | Aas Ea SE eH Hexokinase (1) 

Fructose-6-phosphate -———, Glucose-6-phosphate 
70% 5% | | 95% _...Phosphoglucomutase (2) 

| Glucose-1-phosphate 
eaianenes 77% | | 23% .......Phosphorylase (pH 7) @ 


Polysaccharide + phosphate 


In this paper, a more detailed study of the reaction catalyzed by phos 
phoglucomutase is reported and the synthesis of polysaccharide from 
glucose by the successive action of hexokinase, phosphoglucomutase, and 
phosphorylase is demonstrated. 
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Methods 


The enzymes were allowed to stand in the presence of 0.5 per cent 
glutathione at pH 7 for 15 minutes at 30° before addition of the substrates, 
in order to insure optimal activity. After incubation with the substrate, 
the reaction was interrupted by addition of trichloroacetic acid or sodium 
hydroxide. 

Aliquots of the trichloroacetic acid filtrates were analyzed for inorganic 
phosphate (a) directly, (b) after hydrolysis for 5 minutes in 0.1 N H,SO, at 
100°, and (c) after ashing. Since glucose-l-phosphate is completely 
hydrolyzed by the short heating in acid, while glucose-6-phosphate and 
fructose-6-phosphate are not measurably hydrolyzed under these condi- 
tions, the amounts of 1-ester and 6-ester present may be determined readily 
by this procedure. Aliquots were also analyzed for fructose by the method 
of Roe (19), in order to determine the amount of fructose-6-phosphate 
present. The values were corrected, since fructose-6-phosphate gives only 
48 per cent of the color given by an equivalent amount of free fructose in the 
Roe method. When adenosine triphosphate was to be measured, its two 
labile phosphate groups were split off by hydrolysis for 10 minutes in nN 
H.SO, at 100° and determined as inorganic phosphate. 

For the determination of polysaccharide, the reaction was interrupted 
by addition of an equal volume of 30 per cent NaOH. After digestion at 
100° for 30 minutes, water was added to make the concentration of NaOH 
10 per cent, 1.3 volumes of 95 per cent alcohol were added, and the 
mixture was boiled for a few seconds. The polysaccharide was centrifuged 
down and hydrolyzed with 1 ec. of N HCl for 3 hours at 100°. The hydroly- 
sate was analyzed for glucose by the method of Shaffer and Somogyi (20). 


Materials 
Preparation of Enzymes 


The chief problem which arose in this work was that of obtaining the 
desired enzymes free from interfering enzymes which catalyzed side reac- 
tions. In this section, the interfering enzymes encountered in each type 
of enzyme preparation and the methods finally adopted for their removal 
will be described. 

Muscle Extract—Aqueous extracts of rabbit muscle were allowed to 
stand for 2 hours at 25° (in order to reduce the content of adenylic acid by 
deaminase action), and dialyzed in collodion bags for 15 hours against 
running tap water at 10°. In some cases the dialyzed extracts were frozen 
ina thin layer and concentrated (or dried) in vacuo by using a trap immersed 
in a dry ice-ethanol mixture. 

Although such extracts are able to convert glucose-6-phosphate to poly- 
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saccharide, the increase in polysaccharide determined by analysis may be 
only a fraction of that calculated from the amount of inorganic phosphate 
formed. Aqueous extracts of rabbit skeletal muscle do not contain phos- 
phatase. The discrepancy is due to the presence of diastase. Part of this 
enzyme may be intracellular, since prolonged perfusion of muscle prior to 
extraction does not completely remove it. 

Phosphorylase—Muscle phosphorylase preparations which have under- 
gone repeated fractionation with ammonium sulfate retain some diastase 
activity, even when possessing a phosphorylase activity as high as 50 per 
cent of that of the crystalline enzyme. It was therefore necessary to use 
the crystalline phosphorylase in order to obtain complete analytical agree- 
ment between polysaccharide and inorganic phosphate formation. A 
preparation of pure phosphorylase which had been crystallized five times 
was kindly supplied by Dr. A. A. Green. A solution containing 1 mg, 
(3000 units) per ec. was used. 

Phosphoglucomutase—In the study of Reaction 2, it was desirable to use 
a phosphoglucomutase free of both phosphorylase and the enzyme iso- 
merase discovered by Lohmann (21) which catalyzes the equilibrium be- 
tween glucose-6-phosphate and fructose-6-phosphate. A phosphoglueo- 
mutase preparation free of phosphorylase is readily obtained by the treat- 
ment of muscle extract with 0.40 saturated ammonium sulfate, which 
precipitates the phosphorylase practically completely and leaves the 
phosphoglucomutase in solution. However, this solution still contains a 
large amount of isomerase, which can then be inactivated by heating at 
acid reaction, a treatment which does not inactivate phosphoglucomutase. 

The enzyme used for the experiments shown in Fig. 1 was prepared as 
follows: 112 gm. of ammonium sulfate were added at 30° to 400 ce. of a 
rabbit muscle extract which had been dialyzed for 6 hours; the precipitate 
was filtered off and discarded. To the filtrate were added 56 gm. of am- 
monium sulfate. The precipitate was dissolved in 15 ce. of 0.033 m 
veronal buffer at pH 7.5. The resulting pH was 6.7. 

The clear solution was heated for 15 minutes at 52°. A large precipitate 
was filtered off and the filtrate was dialyzed for 2 hours. <A 1:20 dilution 
of this enzyme solution caused the conversion of added glucose-1-phosphate 
to the equilibrium mixture of 1- and 6-esters in 10 minutes but still con- 
tained isomerase in large amounts, since 39 per cent of the reaction produet 


was fructose-6-phosphate. 

The enzyme solution was adjusted to pII 5.2 by addition of 1 ec. of 10) 
m acetate buffer of pH 5.0, and was heated for 30 minutes at 52°. A large | 
precipitate was filtered off, the filtrate was adjusted to pH 7.5 with NaOH, 
and a second smaller precipitate was removed. A 1:20 dilution of this 
enzyme caused the conversion of added glucose-1-phosphate to the equilib 
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rium mixture of 1- and 6-esters in 15 minutes and was practically free of 
jsomerase, since only | per cent of the reaction product was fructose-6- 
phosphate. 

Since heating at neutral reaction did not remove isomerase, this step 
was omitted in later preparations of phosphoglucomutase. All of the 
preparations were completely free of diastase and of pyrophosphatase. 

Hexokinase—In order to demonstrate the formation of polysaccharide 
from glucose, it was desirable that the hexokinase used to catalyze the 
reaction between glucose and adenosine triphosphate be free of both 
phosphatase and pyrophosphatase. Phosphatase interferes by causing 
the hydrolysis of hexose monophosphate to hexose and inorganic phosphate ; 
pyrophosphatase interferes by causing the hydrolysis of adenosine triphos- 
phate to adenylic acid and inorganic phosphate. The inorganic phosphate 
formed by both of these reactions makes difficult the estimation of the 
inorganic phosphate liberation which accompanies polysaccharide for- 
mation. 

Hexokinase, when prepared according to the procedure of Meyerhof 
(22),! by extraction of autolyzed bakers’ yeast with an equal volume of 
water and precipitation of the extract with an equal volume of alcohol at 
0°, still contains the interfering enzymes. It has been found that a pre- 
cipitate is formed by acidification of the Meyerhof preparation to pH 4.5. 
The filtrate, which contains all of the hexokinase activity but is almost 
free of pyrophosphatase, may then be adjusted to pH 6 and fractionated 
with alcohol. Phosphatase and the remaining traces of pyrophosphatase 


_ are precipitated at —2° to —3° by low concentrations of alcohol (15 to 20 


per cent). Hexokinase of sufficient purity for these experiments is then 
precipitated by 25 to 30 per cent alcohol.* 

The hexokinase used in the experiment shown in Table III was prepared 
as follows: The alcohol precipitate from 16 liters of yeast extract® was 
suspended in 5 liters of water at 0° and adjusted to pH 4.7 by addition of 
300 ce. of 2.0 mM acetic acid. A large precipitate, which flocculated when 
the pH was readjusted to 5.5 with 1.0 N NaOH, was filtered off through 
fluted paper. The filtrate was precipitated with 25 per cent alcohol at —3°. 
The low temperature is essential because of the marked increase in the 
solubility of the protein at higher temperatures. The precipitate was 


1 It was not found necessary to discard the first extract and make a second extrac- 
tion as suggested by Meyerhof. The two extracts were about equal in their content 
of both hexokinase and the interfering enzymes cited above. 

* When the fractionation with aleohol was preceded by salting-out of the protein 
with ammonium sulfate (followed by dialysis), the aleohol concentrations required 
were roughly twice as high as before ammonium sulfate treatment. 

* Kindly supplied by Anheuser-Busch, Inc. 
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dissolved in cold water (one-tenth of the volume of the original extract), 
The solution was dialyzed against running cold tap water for 2 hours and 
precipitated with 21 per cent alcohol at —3°. The precipitate was dis. 
carded and the alcohol concentration in the supernatant fluid was increased 
to 30 per cent. The resulting precipitate was dissolved in water (one. 
twenty-fifth of the original extract volume). The final solution contained 
4.5 mg. of protein per cc. and possessed 5 times as much hexokinase ae. 
tivity per mg. of protein as the original yeast extract. 1 mg. of protein 
catalyzed the transfer of 0.2 mg. of P per minute at 30° and pH 7.5. 

Yeast was used as the source of hexokinase in this work because this 
enzyme has not yet been obtained in highly active form from animal tissues, 
Crude extracts of brain (23, 24) and heart (25) have been shown to catalyze 
the reaction between adenosine triphosphate and glucose. The crude 
animal tissue extracts contain, in addition to the two interfering enzymes 
mentioned above, a third enzyme which interferes with polysaccharide 
formation by causing the formation of hexose diphosphate from hexose 
monophosphate and adenosine triphosphate. 

Myokinase—Y east hexokinase alone causes the transfer of only one-half 
of the labile P of adenosine triphosphate to carbon atom 6 of glucose, 
However, upon addition of myokinase, a heat-stable protein (26, 27) 
which occurs in muscle, the hexokinase effects a complete transfer of the 
labile P to glucose. Since myokinase is active in a concentration of 1 y 
per cc., it was not surprising to find that the phosphoglucomutase prepara- 
tion from muscle still contained sufficient myokinase to obviate the necessity 
of adding it in these experiments. 


Preparation of Substrates and Coenzymes 


Glucose-1-phosphate—Two samples of synthetic glucose-1-phosphate (28) 
were used, one crystallized once as the dipotassium salt (29), the other 
crystallized three times. 

Glucose-6-phosphate—Since Robison’s method (30) of preparing pure 
glucose-6-phosphate involves a tedious fractionation of the brucine salts 
of the mixture of fructose- and glucose-6-phosphate isolated from ferment- 
ing yeast extract, a simpler method of preparation of the ester from glucose- 
1-phosphate will be described here. 

30 cc. of a reaction mixture (pH 7.4), containing 570 mg. of the dipotas 
sium salt of glucose-1-phosphate, 3 mg. of Mgt+, and 3 ce. of purified 
phosphoglucomutase, were kept for 15 minutes at 30° and deproteinized 
with 10 ec. of 5 per cent HgCl, in 1.0N HCl. After removal of the mercury 


* Glucose-1-phosphate is not an intermediate product in this reaction, since the 
enzyme necessary for its conversion to glucose-6-phosphate is not present (26). 
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with H.S, followed by aeration, analysis showed that 92 per cent of the 
added 1-ester had been converted to the acid-stable 6-ester. The remain- 
ing 1-ester was hydrolyzed by heating the acid solution for 5 minutes at 
100°. The solution was cooled and neutralized to pH 7.4 with 35 ce. of 
saturated barium hydroxide. The precipitate of barium phosphate was 
disearded and the resulting solution (volume 75 ec.) was mixed with 80 
ce, of 95 per cent ethyl alcohol to precipitate the barium salt of glucose- 
§-phosphate. The barium salt was dissolved in water and reprecipitated 
three times from 50 per cent alcohol, then washed with alcohol and ether, 
and dried over H.SO, in vacuo at 30°. The yield of dry barium salt was 
302 mg. Analysis for inorganic P showed 0.02 per cent directly, 0.03 per 
cent after 5 minutes acid hydrolysis, and 7.48 per cent after ashing (calcu- 
lated for the anhydrous barium salt, 7.85 per cent P). [a]? = +16.6° (for 
a 2.7 per cent solution of the barium salt in water); [a]?> = +34.2° (for 
a 1.40 per cent solution of the free acid). These values compare well with 
those calculated from the data of Robison, [a]? = [a]fs, X 0.84 = +17.3° 
and +34.8°, respectively. Analysis for fructose indicated that the product 
was 1.6 per cent fructose-6-phosphate and 98.4 per cent glucose-6-phos- 
phate. 

This preparation was used in the study of the equilibrium constant for 
the reaction catalyzed by phosphoglucomutase. 

Embden Ester—For the study of the formation of polysaccharide from 
glucose-6-phosphate, a mixture (Embden ester), consisting of about 66 
per cent glucose-6-phosphate and 34 per cent fructose-6-phosphate, was 
used. It was prepared from starch and inorganic phosphate by the action 
of crude dialyzed muscle extract in the presence of small amounts of Mgt*, 
adenylic acid, and iodoacetie acid. The product was freed of glucose-1- 
phosphate by short acid hydrolysis and freed of nucleotides by treatment 
with mercuric acetate. The final product, isolated as the barium salt, 
contained 0.08 per cent inorganic P by direct analysis and 7.22 per cent P 
after ashing. The reducing power, measured with the Shaffer-Somogyi 
Reagent 50 (20), was 77 per cent of that given by an equivalent quantity 
of glucose. 

Although only the aldose portion of the Embden ester is directly available 
for polysaccharide formation, the fructose-6-phosphate may also be con- 
verted to polysaccharide when isomerase is present in addition to phos- 
phogluecomutase and phosphorylase. 

Adenosine Triphosphate—This compound was prepared from rabbit 
muscle by a modification of the method of Lohmann (31). The barium 
salt was converted to the sodium salt by removing the barium with the 
stoichiometric amount of sulfuric acid and neutralizing with sodium 
hydroxide to pH 7.5. The ratio of acid-labile to acid-stable P was 1.9: 1. 
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Glycogen and Adenylic Acid—For the enzymatic formation of poly. 
saccharide from glucose-l-phosphate it is necessary to add catalytie 
amounts of glycogen and adenylic acid (14). Glycogen was prepared from 
dog liver by the method of Somogyi (32). Adenylic acid was prepared by 
alkaline hydrolysis of adenosine triphosphate according to the method of 
Lohmann (33). 


Results 


Equilibrium between Glucose-1-phosphate and Glucose-6-phosphate 


Position of Equilibrium—In the experiments illustrated in Fig. 1 the 
equilibrium was approached from both sides. When glucose-6-phosphate 
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Fic. 1. Equilibrium between glucose-l-phosphate and glucose-6-phosphate at 


30°. 1 ce. of reaction mixture contained the potassium salt of the l-ester or 6-ester 
(0.4 mg. of P), 0.2 mg. of Mn**, 0.05 cc. of phosphoglucomutase, and 0.025 m veronal 
buffer (pH 7.5). @, glucose-6-phosphate; O, glucose-l-phosphate (crystallized 
once); X, glucose-1-phosphate (crystallized three times). 


was added to the enzyme at 30°, 5.5 per cent was changed to glucose-l- 
phosphate at equilibrium, as indicated by the appearance of an easily 
hydrolyzable ester. No inorganic phosphate was liberated. When 
glucose-1-phosphate, which had been crystallized only once, was added to 
the enzyme, 8.0 per cent of the labile ester remained when equilibrium was 
reached. This discrepancy is undoubtedly due to the presence, as an 
impurity in the glucose-l-phosphate sample used, of 2.5 per cent of an 
easily hydrolyzable ester which is not acted upon by phosphoglucomutase. 
This explanation is supported by the fact that, when a sample which had 
been crystallized three times was used, only 6.5 per cent of the labile ester 
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remained when equilibrium was reached. It is most likely that the value 
of 5.5 per cent, obtained from the 6-ester side, is the correct figure. 

Effect of Temperature on Equilibrium—The equilibrium is shifted 
slightly toward the side of glucose-l-phosphate as the temperature is 
raised. Starting from the 6-ester side, one obtains a value of 4.8 per cent 
|-ester at 20° and 5.8 per cent 1-ester at 40°. When the once crystallized 
jester was used, a similar shift with temperature was observed, 7.6 per 
cent acid-labile P at 20°, 8.4 per cent acid-labile P at 40°. 

From the value of the equilibrium constant, one can calculate the free 
energy change per gm. mole for the conversion of glucose-1-phosphate to 
glucose-6-phosphate as follows: AF°=—RT In K= —4.58T logy K. At30°, 
AF® = —4.58 X 303 X logw (94.5/5.5) = —1720 calories. Similarly, at 
0°, AF° = —1740 calories, and at 40°, AF° = —1740 calories. Since AF 
is independent of temperature in this case, it follows from the Gibbs- 
Helmholtz equation that the heat of reaction, AH, must be approximately 
equal to the free energy change. 

Effect of pH on Equilibrium— The position of equilibrium is not affected 
by changing the pH. In an experiment in which the three times crystal- 
lized 1-ester was used, a value of 6.5 per cent l-ester at equilibrium at 30° 
was obtained at pH 6.19 as well as at pH 7.46. The lower pH was ob- 
tained by addition of dilute sulfuric acid, the final pH of the reaction 
mixtures being checked with a glass electrode. 

That the equilibrium is independent of pH was to be expected from the 
fact that the acid dissociation constants for the 1- and 6-esters are identical 
(28). In the case of the reaction catalyzed by phosphorylase, the position 
of the equilibrium changes with pH, because the acid dissociation constants 
of orthophosphate and of glucose-1-phosphate are different (14). 


Formation of Polysaccharide from Glucose-G-phosphate 


Experiments with Crude Muscle Extract—In studying the formation of 
polysaccharide from glucose-6-phosphate in dialyzed extracts, it is neces- 
sary to add magnesium or manganese ions for the activation of phospho- 
glucomutase and small amounts of both adenylic acid and glycogen for the 
activation of phosphorylase. By starting with a system low in inorganic 
phosphate, one can then observe an appreciable polysaccharide formation ; 
however, by adding barium ions in sufficient concentration to precipitate 
the inorganic phosphate formed in Reaction 3, a more rapid and complete 
conversion is made possible. The polysaccharide formed is readily dis- 
tinguished from the glycogen used to prime the reaction, because the 
former gives a blue color with iodine, whereas the latter in the concentra- 
tions used gives a barely detectable brown color. 

In Table I is shown an experiment in which the barium salt of the 
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Embden ester was added at 30° to a crude muscle extract which had beep 
freed of adenylic acid and inorganic phosphate as described above. It can 
be seen that when the phosphorylase in the extract was not activated by 
addition of glycogen and adenylic acid, very little inorganic phosphate wag 
liberated, but 3.8 per cent of the added Embden ester was converted to an 
acid-labile ester. This corresponds closely to the amount of glucose-1. 
phosphate to be expected if the glucose-6-phosphate, which comprised 
two-thirds of the Embden ester, were in equilibrium with the 1-ester (? x 
5.5 = 3.7 per cent). When glycogen and adenylic acid were present, 
inorganic phosphate was liberated to the extent of 5.7 per cent of the added 
Embden ester in 1 hour. The newly formed polysaccharide gave a purple 
color with iodine. It will be noted that the concentration of l-ester wag 
considerably below the phosphoglucomutase equilibrium value, indicating 


TABLE I 
Polysaccharide Formation from Embden Ester in Crude Muscle Extract 
0.5 ce. of reaction mixture contained the barium salt of the Embden ester (0.662 
mg. of P), 0.05 mg. of Mg**, 0.3 ec. of 0.05 m veronal buffer of pH 7.7, and 0.2 ee. of 
dialyzed muscle extract. Temperature 30°. The results are expressed as per cent 
of the total P content. 














Additions ar Inorganic P Acid-labile P 
min. per cent per cent 
Red ata Vecdlsvas seatcctaxetes vr 0 0.8 0.3 
ich Pascal ak Chk SSE) cDRin b covpuckded Opawaneees 15 0.9 3.4 
NE eee itatals oh din’ Wace wha ee Ae EP ae ee ones 60 1.0 3.8 
0.1 mg. adenylic acid + 2 mg. glycogen........... 15 2.5 2.2 
O01 “ = £3 * i ephiad dah 60 6.5 2.5 


that the rate of conversion of the 1-ester to polysaccharide exceeded the _ 


rate of formation of the 1l-ester from glucose-6-phosphate. In other 


experiments it was established that neither glycogen nor adenylic acid alone | 
was sufficient to cause a liberation of inorganic phosphate from the Emb- | 


den ester. 
By the use of crude muscle extracts which had been frozen and concen- 


trated 7-fold in vacuo, 33 per cent of the added Embden ester could be 
converted to polysaccharide in 3 hours at 30°, as measured by the increase 
in inorganic phosphate in the presence of catalytic amounts of glycogen and 
adenylic acid (Fig. 2). 1 ec. of reaction mixture in these experiments con- 
tained roughly the amount of enzyme which can be extracted from 1 gm. 
of muscle; so that the initial rate found corresponds to a formation of about 
150 mg. of glycogen per 100 gm. of muscle per hour. A similar calculation 
for the experiment in Table I with unconcentrated muscle extract gives 4 
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rate of formation of about 400 mg. of glycogen per 100 gm. of muscle per 
hour. 

Polysaccharide Formation from Embden Ester with Purified Enzymes—In 
Table II are shown the results of an experiment in which 26 per cent of the 
added Embden ester was converted to polysaccharide in 20 minutes at 30° 
by the action of crystalline phosphorylase plus purified phosphogluco- 
mutase.’ It can be seen that the amount of polysaccharide formed is in 
agreement with the amount of inorganic phosphate liberated. Addition 
of iodine gave a dark blue precipitate with the newly formed polysaccharide. 
Table II shows that phosphorylase alone had no effect on Embden ester; 
phosphoglucomutase alone caused no polysaccharide formation, but con- 
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Fic. 2. Polysaccharide formation from the Embden ester in crude muscle extract. 
The experimental conditions were the same as in Table I, except that the muscle 
extract was concentrated 7-fold. @, glycogen and adenylic acid added; O, glycogen 
and adenylic acid omitted. - 


verted part of the Embden ester to glucose-1-phosphate, as indicated by 
the appearance of a small amount of acid-labile P. 

The rate of polysaccharide formation with the purified enzymes was 
about 500 mg. per 100 cc. of reaction mixture per hour. The concentration 
of phosphorylase in the reaction mixture (25 mg. per 100 cc.) corresponds 
roughly to the concentration of phosphorylase in intact muscle (20 to 50 
mg. per 100 gm., as estimated from the phosphorylase content of crude 
muscle extracts). 


Synthesis of Polysaccharide from Glucose with Purified Enzymes 


The synthesis was carried out in two steps. In the first step glucose was 
phosphorylated to glucose-6-phosphate by adenosine triphosphate in the 


' The rate of the reaction fell off sharply after 20 minutes; this phenomenon, which 
has been observed repeatedly, has not yet been adequately explained. 
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presence of purified hexokinase and myokinase. Since purified phospho- 
glucomutase was also present, about 5 per cent of the glucose-6-phosphate 
formed was converted to glucose-l-phosphate. After the glucose had been 
phosphorylated, crystalline phosphorylase, glycogen, and barium acetate 
were added to bring about the polymerization to polysaccharide.® 

The original reaction mixture, pH 7.6, consisted of 30 mg. of glucose, 
adenosine triphosphate (0.25 mg. of inorganic P, 3.26 mg. of acid-labile 
organic P), 1.8 mg. of hexokinase protein, 14 mg. of phosphoglucomutase 
(containing myokinase), 0.8 mg. of Mg**, 1.6 ec. of 0.01 M veronal buffer, 
and phenol red indicator in a total volume of 2.35 ec. The reaction be- 


Taste II 
Polysaccharide Formation from Embden Ester with Purified Enzymes 
0.4 ec. of a solution, pH 7.2, contained the barium salt of the Embden ester (0.43 
mg. of P), 0.8 mg. of adenylic acid, 0.545 mg. of glycogen, 0.08 mg. of Mg**,0.1 mg. of 
crystalline phosphorylase, and 1.7 mg. of purified phosphoglucomutase. When the 
effect of only one enzyme was to be tested, the other was heated for 5 minutes at 80°. 
The polysaccharide is expressed as mg. of glucose formed on acid hydrolysis. 


Increase in poly- 
saccharide 


Incuba Acid- Poly- . Color 
Enzymes tion _Inor Pp labile | saccha yore with 
time | *#""* p* ride fr m iodine 
eee Found 
increase 
in inor 
ganic P 
min. me. me. me me me 
Phosphorylase + phosphogluco 
mutase 0 0.004) 0.002) 0.545 Yellow 
Phosphorylase + phosphogluco- 
mutase 20 0.114 0.005 1.199 +0.637 +0.654! Blue 
Phosphorylase + phosphogluco- 
mutase 40 0.124) 0.009 1.220 +0.696) +0.675 
Phosphoglucomutase 10 =0.005 0.014 0.547'+0.006)+0.002) Yellow 
Phosphorylase 40 0.003) 0.004) 0.5383 —0.006—0.012) * 


* Hydrolysis for 5 minutes in 0.1 n H,SO, at 100°. 


came acid to phenol red after less than 1 minute of incubation at 30°, due 
to the fact that 2 equivalents of acid appear for each mole of adenosine 
triphosphate which reacts with glucose. Incubation was continued, with 
gradual addition of 0.15 cc. of 3 per cent sodium hydroxide to maintain a 
pH of 7.2, for 20 minutes. 


6 Addition of adenylic acid was unnecessary, because large amounts of it are 
formed in the reaction of adenosine triphosphate with glucose. In the absence of 
adenylic acid, amorphous preparations of phosphorylase are almost completely 
inactive, but crystalline phosphorylase exhibits about 60 per cent of its maximal 
activity. 
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Aliquots of the 2.5 ec. of reaction mixture were then incubated with 
phosphorylase, glycogen, and barium acetate. The results are shown in 
Table III. Analysis before incubation with phosphorylase showed that 
about 75 per cent of the acid-labile P of adenosine triphosphate had been 
transferred to glucose, while only 3 per cent was converted to orthophos- 
phate by pyrophosphatase action. Upon incubation with phosphorylase 
for 20 minutes at 30°, 29 per cent of the hexose monophosphate (or 14 per 
cent of the added glucose) was converted to polysaccharide, as indicated by 
inorganic phosphate and polysaccharide analysis, as well as by the blue 


TaBLe III 


Formation of Polysaccharide from Glucose with Purified Enzymes 
Aliquots of the product of the reaction between adenosine triphosphate and glu- 
cose (see the text) were mixed with an equal volume of a solution containing 0.24 per 
cent glycogen, 3 per cent barium acetate, and 0.05 per cent crystalline phosphorylase. 
pH 7.2; temperature 30°. The results are calculated per 5 ec. of the final reaction 
mixture. 


soemaee acoenge i, 
Incu- I Acid- Pol . » polysaccharide . 
Enzyme bation ganic | = | saccha. tance : a ge 
time | ~~ 
= "| Pagitee” | tea” | Found 
min. mg. me. | mg. meg. mg. mg. 
Phosphorylase 0 | 0.34) 0.76) 8.94 Yellow 
a 20 | 1.08 12.60  +0.70 +4.07/+3.66) Blue 
" 40 1.22 113.30  +0.84 +4.88 +4.36 Deep blue 
Heated phosphorylase 40) 0.38| | 8.80 0 0 |—0.14, Yellow 


| 


* Hydrolysis for 10 minutes in 1.0 Nn H,SO, at 100°. 

t The amount of glycogen added to catalyze the reaction was 6 mg. The addi- 
tional polysaccharide in the initial sample is due to the presence of 2.9 mg. of a poly- 
saccharide of unknown nature in the hexokinase preparation. 


color obtained with iodine. In the control sample incubated with heated 
phosphorylase, no polysaccharide formation took place. 


DISCUSSION 


It is now clear that the energy required to synthesize polysaccharide 
from glucose is supplied by adenosine triphosphate. The energy is neces- 
sary for the phosphorylation of the glucose to glucose-6-phosphate; the 
conversion to glucose-1-phosphate and the polymerization can then proceed 
with little change in free energy. One may write the over-all reaction 
(sum of Reactions 1, 2, and 3) as follows: 


nadenosine triphosphate + n glucose — polysaccharide 
+ n adenosine diphosphate + n phosphate 
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where n is the number of glucose units in the polysaccharide molecule. In 
the experiment reported here it was necessary to add a large amount of 
adenosine triphosphate ; however, in a respiring system a trace of adenosine 
triphosphate would be sufficient, because it would be resynthesized con- 
tinuously from adenosine diphosphate (or adenylic acid) and inorganic 
phosphate. The oxidation of a wide variety of substrates is known to be 
“eoupled” with the synthesis of adenosine triphosphate in cell-free extracts 
of animal and plant tissues. Oxidative reactions promote the synthesis of 
polysaccharide not only by causing the resynthesis of adenosine triphos- 
phate but also by simultaneously lowering the concentration of inorganic 
phosphate, thus shifting Reaction 1 in the direction of polysaccharide 
formation, and making unnecessary the addition of a precipitant of 
inorganic phosphate such as barium. 

It is well known that a large number of metabolites, such as lactate, 
glycerol, and certain of the amino acids, can give rise to glycogen formation 
in animal tissues. It appears probable that in all these cases there is a final 
common pathway leading from glucose-6-phosphate to glycogen. Glucose- 
6-phosphate may be formed from phosphopyruvic acid by a reversal of 
the reactions of the Embden-Meyerhof scheme. However, the direct 
conversion of pyruvic acid (formed from lactic acid and other substances) 
into phosphopyruvic acid has not yet been experimentally demonstrated. 
Recent work by Hastings and coworkers (34) and others indicates that this 
step in polysaccharide synthesis may involve an uptake of carbon dioxide, 
leading to the formation of Cy-dicarboxylic acids which upon oxidation give 
rise to phosphopyruvie acid (35). 


SUMMARY 


1. The enzyme phosphoglucomutase, which catalyzes the reversible 
reaction, glucose-l-phosphate = glucose-6-phosphate, has been prepared 
free from other enzymes which act on these two substances, by an am- 
monium sulfate fractionation of muscle extract, followed by a heat treat- 
ment at acid reaction. 

2. Pure glucose-6-phosphate has been prepared by the action of the 
above enzyme on glucose-l-phosphate. Both esters are converted by 
phosphoglucomutase to the same equilibrium mixture. 

3. At equilibrium, 4.8 per cent of the glucose monophosphate is present as 
l-ester at 20°, 5.5 per cent at 30°, and 5.8 per cent at 40°. The position of 
equilibrium is independent of pH. 

4. By the combined action of phosphoglucomutase and phosphorylase, 
a rapid formation of polysaccharide from glucose-6-phosphate has been ob- 
tained (500 mg. per 100 gm. of muscle per hour). Polysaccharide and in- 
organic phosphate are formed in equivalent amounts. 

5. Yeast hexokinase, which catalyzes the formation of glucose-6-phos 
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phate from glucose and adenosine triphosphate, has been purified by acid 
treatment, followed by fractionation with alcohol, and a rapid synthesis of 
polysaccharide from glucose has been effected by the successive action of 
hexokinase, phosphoglucomutase, and phosphorylase. 


The authors are grateful to Professor Carl F. Cori for his continued in- 
terest in this work. 


BIBLIOGRAPHY 


. Robison, R., Biochem. J., 16, 809 (1922). 

. Embden, G., and Zimmermann, M., Z. physiol. Chem., 167, 114 (1927). 

Cori, G. T., and Cori, C. F., J. Biol. Chem., 99, 493 (1932-33). 

. Cori, C. F., Cori, G. T., and Hegnauer, A. H., J. Biol. Chem., 120, 193 (1937). 

. Hegnauer, A. H., and Cori, G. T., J. Biol. Chem., 106, 691 (1934). 

. Cori, G. T., and Cori, C. F., Summary Communicat., XV Internat. Physiol. Cong., 
Moscow, 66 (1935); J. Biol. Chem., 116, 119 (1936). 

7. Parnas, J. K., and Baranowski, F., Compt. rend. Soc. biol., 120, 307 (1935). 

8. Cori, C. F., and Cori, G. T., Proc. Soc. Exp. Biol. and Med., 34, 702 (1936). 

9. Cori, G. T., Colowick, 8. P., and Cori, C. F., J. Biol. Chem., 124, 543 (1938). 

10. Cori, G. T., Colowick, 8S. P., and Cori, C. F., J. Biol. Chem., 128, 375 (1938). 

il. Schaffner, A., and Specht, H., Naturwissenschaften, 26, 494 (1938) ; 27, 195 (1939). 

12. Kiessling, W., Biochem. Z., 302, 50 (1939). 

13. Cori, C. F., Schmidt, G., and Cori, G. T., Science, 89, 464 (1939). Cori, G. T., 

Cori, C. F., and Schmidt, G., J. Biol. Chem., 129, 629 (1939). 

14. Cori, G. T., and Cori, C. F., J. Biol. Chem., 186, 733 (1940). 

15. Ostern, P., Herbert, D., and Holmes, E., Biochem. J., 33, 1858 (1939). 

16. Hanes, C.S., Proc. Roy. Soc. London, Series B, 129, 174 (1940). 

17. Green, A. A., Cori, G. T., and Cori, C. F., J. Biol. Chem., 142, 447 (1942). 

18. Sutherland, E. W., Colowick, 8. P., and Cori, C. F., J. Biol. Chem., 140, 309 
(1941). 

. Roe, J. H., J. Biol. Chem., 107, 15 (1934). 

. Shaffer, P. A., and Somogyi, M., J. Biol. Chem., 100, 695 (1933). 

. Lohmann, K., Biochem. Z., 262, 137 (1933). 

2. Meyerhof, O., Biochem. Z., 183, 176 (1927). 

. Geiger, A., Biochem. J., 34, 465 (1940). 

. Ochoa, S., J. Biol. Chem., 141, 245 (1941). 

. Colowick, S. P., Kalekar, H. M., and Cori, C. F., J. Biol. Chem., 187, 343 (1941). 

. Colowick, 8. P., and Kalekar, H. M., J. Biol. Chem., 187, 789 (1941). 

. Kalekar, H. M., J. Biol. Chem., 148, 299 (1942). 

. Cori, C. F., Colowick, 8. P., and Cori, G. T., J. Biol. Chem., 121, 465 (1937). 

. Kiessling, W., Biochem. Z., 298, 421 (1938). 

30. Robison, R., and King, E. J., Biochem. J., 26, 2191 (1932). 

31. Lohmann, K., Biochem. Z., 233, 460 (1931). 

32. Somogyi, M., J. Biol. Chem., 104, 245 (1934). 

33. Lohmann, K., Biochem. Z., 264, 381 (1932). 

4. Vennesland, B., Solomon, A. K., Buchanan, J. M., and Hastings, A. B., J. Biol. 

Chem., 142, 379 (1942). 
35. Kalekar, H. M., Biochem. J., 38, 631 (1939). 


Cu fF wonwe 


Ress 


= 8 


Sees 
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Although the presence in tissues of at least three different phospholipids 
has been known for many years, the methods available limited earlier 
studies chiefly to the total phospholipid fraction in different tissues. Only 
in recent years have detailed studies concerning the lecithins and cephalins 
appeared and added to our knowledge of their possible functions. Con- 
siderably less is known concerning the phospholipid sphingomyelin. 

The present investigation was undertaken for the purpose of obtaining 
more information concerning the distribution of sphingomyelin and with 
the hope that these data might furnish some clue as to its function. While 
this work was in progress, several reports of closely related studies ap- 
peared, particularly those of Thannhauser and coworkers (1, 2), of Ramsey 
and Stewart (3), and of Erickson et al. (4). These investigations have 
made available additional data for comparison with the analyses reported 
in this paper. 


EXPERIMENTAL 


Animals—Eleven female cats were used, but values for all of the different 
tissues are not always available for each animal. The animals weighed 
from 2.62 to 3.52 kilos, with an average of 2.88. They were maintained 
on a diet of scraps from the hospital kitchens. 

Treatment of Tissues—The animals were lightly anesthetized with ether 
and bled from the jugular veins. In some cases the blood was collected 
with solid sodium citrate as anticoagulant. The blood was centrifuged 
and the plasma drawn off into 95 per cent ethyl alcohol. The cells were 
washed once with isotonic saline and the washing discarded. 

The solid tissues (brain, kidney, heart, spleen, lung, intestine, liver, and 
skeletal muscle from the thigh) were excised immediately after the death 
of the animal. The organs were freed of visible fat, and in the case of 
skeletal muscle the large nerves were removed. The intestinal mucosa 
was separated from the intestinal muscle by the technique of Sinclair (5). 


* These studies are taken from a dissertation submitted to The University of 
Rochester in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy, June, 1941. 

t Present address, Washington University School of Medicine, St. Louis. 
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Extraction of Lipids—The tissue, after it had been ground with sand, wag 
heated on the steam bath with the solvents described in the preliminary 
report (6). The necessity for using 1:1 methanol-chloroform for the 
complete extraction of sphingomyelin, originally used by the author because 
Thannhauser and Setz (7) found it necessary for complete extraction of 
dried tissues, has been verified for wet tissue by Haven and Levy (8). 
The blood proteins, precipitated when the plasma was added to alcohol, 
were subjected to further lipid extractions. 

For the reextraction of the lipids from the residue remaining after 
removal of the original solvents under diminished pressure petroleum ether 
containing 5 to 10 per cent chloroform was used (6). While this study was 
in progress, Erickson et al. (4) published a report in which they refer to 
unpublished work which indicates that sphingomyelin may not be quanti- 
tatively reextracted by petroleum ether. Work in this laboratory by 
Haven and Levy (8) and by Taylor (9) has indicated that sphingomyelin, 
while relatively insoluble in petroleum ether when pure, is completely 
extracted when in a mixture of lipids. More extensive studies may be 
needed to clear up this point. 

Total Phospholipid Determination—An aliquot of the petroleum ether- 
chloroform extract was used for isolating the phospholipids as described 
by Bloor (10). The phospholipids were not measured oxidatively, but 
phosphorus determinations were made and the phospholipid calculated by 
multiplying the phosphorus values by 25. 

Sphingomyelin Determinations—A micro modification (6) of Thann- 
hauser’s method (7) with Reinecke salt was used. The principal differ- 
ences from the modification published by Erickson et al. (4) are the use of 
somewhat larger quantities and of centrifugation instead of the sintered 
glass filter sticks for the separation and washing of the precipitate. Haven 
and Levy (8) have used essentially the same procedure for gravimetric 
determinations. 

Not all commercial samples of Reinecke salt were satisfactory for use. 
Some gave little or no precipitate with sphingomyelin, while others gave a 
greenish or gray precipitate instead of the pink crystalline material de- 
scribed by Thannhauser and Setz (7). Eimer and Amend Reinecke salt 
was usually satisfactory. When this could not be obtained, satisfactory 
material was synthesized (11) in the laboratory. An additional recrystal- 
lization was added to the procedure. 

One detail in the washing of the sphingomyelin reineckate merits some 
discussion. A cold acetone washing was included by Thannhauser and 
coworkers (1), because it was necessary for the removal of some phos- 
phorus-containing substance, originally thought to be a form of sphingo- 
myelin (7), but later considered as an impurity. The author has found 
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that the acetone-soluble fraction may contain very appreciable amounts 
of phosphorus. Because of this finding two cold acetone washings were 
included in each determination reported here. This acetone-soluble 
reineckate was nearly absent in some determinations, but present in 
relatively large amounts in determinations on extracts from liver and 
skeletal muscle. Erickson et al. (4) give several values which indicate that 
washing with acetone did not remove any phosphorus. If the tests were 
conducted on a purified sphingomyelin preparation or on phospholipids 
from certain tissues, it is easy to understand that such results would be 
obtained. 

For the calculation of the amount of sphingomyelin the value for phos- 
phorus in the reineckate was multiplied by a factor of 26. This factor, 
arbitrary by necessity, makes some allowance for the fact that almost all 
purified sphingomyelin samples fall below 4 per cent in phosphorus content, 
and for the fact that sphingomyelin may contain an extra fatty acid (2). 

Phosphorus Determinations—These were carried out according to the 
method of Kuttner and Lichtenstein (12). 

Accuracy of Method—FErickson and coworkers (4) have reported re- 
coveries of 76 to 113 per cent on known amounts of “purified” sphingo- 
myelin. The sphingomyelin preparations were 70 to 90 per cent pure. 
When sphingomyelin was added to stroma extracts, the recoveries ranged 
from 97 to 110 per cent. The average for the whole series was 98 per cent 
with a standard deviation of +8.8. 

The author has not carried out an extensive series of analyses, but six 
determinations on highly purified sphingomyelin gave recovery values of 
90, 90.6, 89.8, 93.3, 103, and 93.9 per cent. In a series of twenty tissue 
analyses performed in duplicate the individual values had a standard 
deviation from the means of +10.1 per cent. Taylor (9) has reported 
95 per cent recovery of purified sphingomyelin. 


Results 


The data obtained for the different tissues are recorded in Table I. In 
cases in which it was possible duplicate determinations were made on each 
sample, but with many tissues (heart, spleen, skeletal muscle, blood plasma, 
and blood cells) the amount of material was insufficient for more than one 
determination. The concentration of sphingomyelin is based on the wet 
weight of the tissue. 


DISCUSSION 


A survey of the literature yields little information on the occurrence 
of sphingomyelin. Thannhauser and coworkers (1) have published some 
values for human tissues. Erickson et al. (4) have presented a few values 
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for brain and blood. Reports on ether-insoluble phospholipids in blood 
have been published by Artom and Freeman (13) and Kirk (14), while 
Ramsey and Stewart (3) have used an entirely new method to obtain 
values for blood. None of these studies has been carried out on eats, 

Brain—The values for sphingomyelin in the brain tissue of cats (Table I) 
agree fairly well with those in the literature for other species and very 
closely with those found by Taylor for cats (9). 

Heart and Spleen—The data for these tissues correspond roughly to 
similar values reported by Thannhauser e¢ al. (1) for human tissues. 

Kidney, Lung, and Liver—Only one report of differential phospholipid 
analyses including sphingomyelin determinations has been published. 
Thannhauser et al. (1) record analyses on samples from three normal 


TaBLe I 
Phospholipid and Sphingomyelin in Cat Tissues 


The values are the averages followed by their standard deviations. 
£ 3 


Total phospholipid Sphingomyelin 
is Per cent sphin- 
3 8 ey Per cent of No. of Per cent of on Eeephaligat 
ples wet weight ‘oa wet weight 

os tate suid 10 5.34 + 0.42 9 .25 + 0.19 23.6 + 3.9 
ee 10 2.08 + 0.37 11 | 0.69 +0.12 33.2 + 4.7 
Kidney..... ll 2.70 +0.44 9 0.48 + 0.09 18.7 + 3.2 

Spleen Il 0.33) + 0.09 
Intestinal mucosa 9 1.40 + 0.21 7 0.32 + 0.06 22.7 + 6.0 
Liver 8 3.14 + 0.36 8 | 0.23 + 0.05 7.5 + 2.0 
Intestinal muscle 11 0.72 + 0.08 ll 0.19 + 0.038 27.1 + 3.4 
Heart. . 9 1.96 + 0.28 10 0.15 + 0.05 7.8+1.9 
Skeletal muscle 9 0.80 + 0.10 9 0.075 + 0.011 9.54 1.6 
Blood cells 4. 0.490 + 0.034 8 0.123 + 0.022 26.5 + 2.7 
‘* plasma t 0.177 + 0.021 5 0.027+ 0.011 14.9458 


humans. The values for the corresponding tissues from cats (Table I), 
if calculated to a dry weight basis, would be appreciably higher than the 
values reported for human tissues. In the case of kidney and liver the 
difference is approximately 50 per cent, while the sphingomyelin con- 
centration in cat lung tissue would appear to be nearly twice that in human 
lung. Further work will be necessary to confirm these differences or to 
make apparent the reason for such discrepancies. 

Intestinal Mucosa, Intestinal Muscle, and Skeletal Muscle—Previous 
reports have not included investigations with respect to the sphingomyelin 


content of these tissues. 
Blood Plasma and Blood Corpuscles—The values for blood plasma 
correspond rather closely with those reported for human serum by Thann- 
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hauser et al. (1) and for human plasma by Erickson et al. (4). Kirk (14) 
and Artom and Freeman (13) report values obtained by another method, 
but in both cases there is such a wide range of values (17 to 150 mg. and 
13 to 75 mg. per 100 cc.) that averages mean little. The five values on 
which the figure in Table I is based were 34, 37, 9, 20, and 34 mg. per 
100 ce. 

Ramsey and Stewart (3) have calculated the amount of the different 
phospholipids present in whole blood on the basis of phosphorus, choline, 
and glycerol determinations. The values for sphingomyelin are unusually 
high (56 to 70 per cent of the total phospholipid), while lecithin would 
appear to represent only a very small part of the blood phospholipids. 
The fact that sphingomyelin is calculated by difference is not sufficient to 
explain the high values if the glycerol method is as accurate as the authors 
feel it is. It is assumed that all phospholipids not containing glycerol 
will be sphingomyelins. If part of the blood cephalin did not have glycerol 
in the molecule (perhaps inositol instead (15)), the calculations would 
result in low lecithin and high sphingomyelin values. Low choline re- 
coveries due to incomplete hydrolysis would cause low lecithin and high 
cephalin values, but no change in sphingomyelin. 

The values in Table I for total phospholipid and sphingomyelin in the 
blood cells are higher than reported for other species (14, 4, 16). However, 
in view of the large species differences in phospholipid in the red blood cell 
found by Erickson et al. (16), one should avoid comparisons between species. 
The reports for different species agree fairly well concerning the relation of 
sphingomyelin to total phospholipids. 

General Discussion—The tissues investigated fall into the following 
order with respect to sphingomyelin concentration (wet weight basis), 
brain, lung, kidney, spleen, intestinal mucosa, liver, intestinal muscle, 
heart, blood corpuscles, skeletal muscle, blood plasma. There is no 
correlation between the total phospholipid and the amount of sphingo- 
myelin in different tissues. This fact would tend to indicate that sphingo- 
myelin has a different function from that of the other phospholipids. 

According to the author’s figures the amount of sphingomyelin in the 
blood plasma is not sufficient for it to play any considerable part in the 
transport of fatty acids, but Ramsey and Stewart (3) have reported much 
higher values. The source of plasma sphingomyelin cannot be established 
with certainty. Some data (unpublished) on the incorporation of radio- 
active phosphorus into plasma sphingomyelin indicate that both the liver 
and the intestinal mucosa may contribute sphingomyelin to plasma. The 
suggestion by Thannhauser and Reichel (2) that sphingomyelin may carry 
an additional fatty acid would make it possible for it to take part in the 
transport of fatty acids through the mucosa. 

If the phospholipids of the liver are considered especially active in fat 
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metabolism, it would appear that sphingomyelin is not particularly neces. 
sary for this process, for in that tissue sphingomyelin constitutes the 
smallest percentage of the total] phospholipids. 


structural portion of the phospholipids in certain cases. Erickson et aj. 
(16) found that nearly all of the phospholipid of the red blood cell stays with 
the stroma on hemolysis and resists washing out. 

Because of the large amounts of sphingomyelin in nervous tissue, it js 
natural to consider the possibilities (1) that its concentration in a tissue 
may bear a relation to the nervous structures in that tissue or (2) that its 
concentration may represent a degree of specialization in properties 
similar to nervous tissue. Present information on these points is in. 
adequate. The high concentration of sphingomyelin in the lung, where it 
represents about one-third of the phospholipid, is an interesting finding. 
Studies which reveal the réle of sphingomyelin in lung tissue may explain 
one of its functions in other tissues. 


SUMMARY 

The sphingomyelin concentration found in eleven tissues from cats 
varied from 0.075 per cent in skeletal muscle to 1.25 per cent in the brain. 
The proportion of sphingomyelin in the total phospholipid ranged from 
7.5 to 33.2 per cent; so that there was no correlation between sphingomyelin 
and total phospholipid. 

The values are compared to those found for tissues from other species 
by previous workers. 

Some possible relationships of sphingomyelin to fat metabolism and 
special properties or functions of tissues are discussed. 


The author wishes to express his sincere appreciation to Professor W. R. 
Bloor and to many members of his department for helpful criticism and 
advice. 
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MEDICAL EVALUATION OF NUTRITIONAL STATUS* 


XU. THE STABILITY OF ASCORBIC ACID IN WHOLE BLOOD, PLASMA, 
AND PLASMA FILTRATES 


By WALTER R. C. GOLDEN anno LEO GARFINKEL 


(From the Department of Public Health and Preventive Medicine, Cornell University 
Medical College, New York City) 


(Received for publication, March 23, 1942) 


In the course of a study of the nutritional status of a large group of school 
children (1) determinations of the fasting level of plasma ascorbic acid were 
performed. Since it was necessary to draw the blood specimens at a 
public high school and transport them to the laboratory, some time neces- 
sarily elapsed before the analyses were performed. It was therefore im- 
portant to know whether any loss of ascorbic acid occurred during this 
interval of time. 

There is no general agreement in the literature on the question of the 
stability of ascorbic acid in whole blood, or in its derivatives, plasma and 
plasma filtrates. Borsook et al. (2) found that ascorbic acid remains in the 
reduced state much longer in whole blood than in plasma and they at- 
tribute this stabilizing effect of the cells to the presence of glutathione. 
Barron, Barron, and Klemperer (3) likewise pointed out that fluids of 
animal origin containing glutathione possess mechanisms inhibiting the 
oxidation of ascorbic acid. 

To prevent the loss of ascorbic acid in drawn blood, Pijoan and Klemperer 
(4) and Pijoan and Eddy (5) suggested the use of potassium cyanide (1 to 2 
mg. per ec. of blood). Mindlin and Butler (6) also employed potassium 
eyanide for the same purpose. It has since been shown by several in- 
vestigators (7-10) that potassium cyanide employed in this manner does 
not exert any uniform protective action on ascorbic acid and may in some 
instances invalidate the results because of an apparent enhancement of the 


* This paper is one of a series from a cooperative investigation by the Cornell 
University Medical College, Department of Public Health and Preventive Medicine 
and Department of Pediatrics; the Milbank Memorial Fund; the Department of 
Health of the City of New York; and the United States Public Health Service, 
National Institute of Health, Division of Public Health Methods. The cooperating 
agencies have been assisted in carrying out this investigation by the Work Projects 
Administration for the City of New York, Official Project No. 65-1-97-21, W. P. 24, 
“Medical evaluation of nutritional status.’ Other papers in this series are published 
in the Milbank Memorial Fund Quarterly for 1940, 1941, and 1942. 

‘These authors have since abandoned the use of potassium cyanide (personal 
communication). 


447 





So een | 


448 STABILITY OF ASCORBIC ACID 


ascorbic acid values. Cushman and Butler (9) showed that reduced agg. 
corbic acid is stable in whole blood and metaphosphoric acid filtrates for ag 
long as 24 hours (6 hours at room temperature and 18 hours refrigerated) 
but that there is a significant loss when plasma stands at room temperature 
for more than 4 hours. These observations were limited to two specimeng 
of blood. More recently Kassan and Roe (11) reported observations ip 
which the ascorbic acid content of blood plasma kept in contact with the red 
cells remained unaltered for 16 to 24 hours at room temperature and for §2 
hours at refrigerator temperature. The ascorbic acid content of separated 
plasma decreased on standing. These authors also pointed out the im. 
portance of preventing hemolysis and suggested the use of Pyrex, paraf- 
fin- and collodion-lined tubes as the best containers for storage. 

In the present study we have investigated on a large series of blood 
specimens the stability of plasma ascorbic acid when left in contact with the 
red cells, when separated, and in metaphosphoric acid filtrates. 


EXPERIMENTAL 


The method of Mindlin and Butler (6) was used for the determination of 
ascorbic acid in the plasma separated from oxalated blood.? In order to 
determine whether any changes observed in the ascorbic acid content were 
greater than the usual experimental error we first evaluated the reliability of 
the method in our hands. This was done in two ways, (1) by determining 
the reproducibility obtainable in duplicate determinations on the same 
specimen and (2) by determining the recovery of ascorbic acid added to the 
plasma. The latter test was performed by dissolving a known quantity 


of the crystalline material in the 5 per cent metaphosphoric acid solution | 


used for the precipitation of the plasma proteins. A quantity of ascorbic 
acid equivalent to 1 mg. per 100 ml. of plasma was uniformly added to this 
series. The results of these observations are recorded in Table I. These 
data indicate that both criteria of reliability have been met; namely, ex- 
cellent agreement between duplicates and complete recovery of added 
ascorbic acid. 

For the study of the stability of ascorbic acid in whole blood the subjects 
were brought into the laboratory, so that as little time as possible elapsed 
between the drawing of the blood and the preparation of the first centril- 
ugate. The blood was delivered into an oxalated vessel and after being 
mixed was divided into three or four equal portions contained in tightly 
stoppered centrifuge tubes. In one series the tubes were kept at refrigers- 
tor temperature (5-8°). In another they were kept at room temperature 
(approximately 25°). One portion was centrifuged immediately, followed 


? The metaphosphoric acid-protein precipitate was removed by centrifugation. 
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by separation of the plasma and precipitation of the plasma proteins. The 
other portions were centrifuged at intervals of 3 to 4 hours and 24 hours for 
the refrigerated samples and at intervals of 3, 6, and 24 hours for the series 
kept at room temperature. In all cases after separation of the plasma the 
plasma proteins were precipitated with metaphosphoric acid without 
further delay. 

To study the stability of the ascorbic acid in plasma, the entire sample of 
blood was first centrifuged and the plasma obtained. This was then sub- 
divided into three equal portions, one of which was immediately depro- 
teinized and the others stored in tightly stoppered tubes. 


TaBLe [ 
Reliability of Method for Determination of Ascorbic Acid 
The values are given in mg. per cent. 








Duplicate determinations; protein | 1 mg. per cent ascorbic acid added to plasma- 

ppt. removed by centrifugation (150 cases) | Protein ppt. removed by centrifugation (82 cases) 

Mean value of annntinn- | 0.5730 Dem value before addi- | 0. 0.619 
tions (I) tion 

Mean value of determina- | 0.5745 | Mean value after addi- | 1.622 
tions (II) | tion 

Difference between means | 0.0015 + 0.0036 | Average recovery | 100% 

(II — I) 


Difference between dupli- 0.044 
cates with signs, s.pD.* 


* From duplicate determinations on each specimen, the difference between the two 
determinations was taken in a constant order (II — I) and the sign of the difference 
retained. These differences afford a frequency distribution for which the standard 
deviation was computed in the usual manner; that is, the standard deviation = 
V3d/(n — 1) and d is the deviation of the difference value from the mean of the 
differences with signs and n is the number of difference values. The mean of the 
differences is equal to the difference between the mean value of determinations (1) 
and the mean value of determinations (II) (12). 


Finally, to determine the stability of ascorbic acid in metaphosphoric 
acid centrifugates, three independent centrifugates were prepared simul- 
taneously from the sample of plasma. The ascorbic acid of one of these 
centrifugates was immediately determined in the colorimeter; the others 
were kept in tightly stoppered tubes for 3 to 4 hours and 24 hours. 

The data of these experiments are presented in Table II. There is no 
significant change in the plasma ascorbic acid when the plasma is left in 
contact with the blood cells and stored at refrigerator temperature up to 
24hours. At room temperature the change within 3 hours is insignificant, 
but at 6 hours the decrease, though slight, is significant and at 24 hours is 
appreciable. 
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When the plasma is separated and stored at refrigerator temperature, 
there is no significant change within the first 4 hours but an appreciable 
loss occurs in 24 hours. At room temperature the ascorbic acid is virtually 
completely oxidized within the 24 hours. The metaphosphorie acid eep. 
trifugates are perfectly stable up to 24 hours at refrigerator temperature, 
They were not tested at room temperature. 

These observations confirm the findings of Cushman and Butler (9) and 
Kassan and Roe (11). The necessity of speed in carrying through a deter. 





mination of plasma ascorbic acid as earlier stressed by Farmer and Abt 


TaBLe Il 
Stability of Plasma Ascorbic Acid in Whole Blood, Plasma, and Plasma Centrifugates 


’ “Stand. | 
Mean Mean | Difference ard 
Time | Ne: of | original changed) between sp. (etror of 
ime | cases | value | value means a differ- 
(I) (II) (II — 1) ence in 
| mene 
hr | mg. per mg. per | meg. per | mg. per| age 
=| cent cent cent cent cent 
Whole blood) Refrigerated, 5-8° | 3-4 22 | 0.603) 0.640) +0.037 0.061| 0.08 
24 | 22 | 0.603) 0.628) +0.025) 0.063) 0.08 
Room temperature, 3 18 | 0.723) 0.704, —0.019) 0.034) 0.008 
approximately | 6 12 | 0.726 0.636, —0.090) 0.032) 0.00 
25 (24 | 18 | 0.723) 0.476} —0.247| 0.152) 0.035 
Plasma Refrigerated, 5-8° | 3-4] 43 | 0.688 0.672) —0.016) 0.086) 0.013 
24 54 | 0.933) 0.727) —0. 206) 0.273) 0.037 
Room temperature,| 24 8 | 1.010, 0.010 
approximately 
25° 
Metaphos | Refrigerated, 5-8° 3-4 23 0.766) 0.771) +0.005; 0.044) 0.00 
phoric acid 24 33 | 0.739) 0.755} +0.016] 0.052} 0.008 
centrifu- 
gate 

















* See the foot-note to Table I. 


(8) is certainly not indicated by these results, nor is there any need for the 
addition of stabilizing agents. 

Note on Loss of Ascorbic Acid Due to Filtration—In Mindlin and Butler’ 
(6) procedure for the determination of plasma ascorbic acid the removal d 
the protein after precipitation with metaphosphoric acid is carried out by 
filtration. Other authors have used either centrifugation or filtration for 
this step, thus indicating that either technique was considered equally 
suitable. 

When we started this work, we followed the original instructions d 
Mindlin and Butler; that is, removal of the protein precipitate by filtration. 
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When ascorbic acid was added to the plasma according to the technique 
described in the preceding section of this paper, the recoveries were variable 
and seldom complete. At first there seemed to be no adequate explanation 
for the unsatisfactory results. After investigating various possibilities such 
as reagents, manipulative technique, etc., we found quite by accident that 
when the protein was removed both by centrifugation and filtration on two 
separate portions of the same plasma specimen, the protein-free fluid ob- 
tained by centrifugation invariably gave a higher ascorbic acid value. This 
immediately suggested that the poor recoveries of added ascorbic acid were 
due to the filtration process. Accordingly we extended these observations 
to confirm this finding. The results are presented in Table ITI. 

The amount of ascorbic acid lost is quite variable and does not appear to 
be related to the original plasma level. It was observed, however, that the 
type of filter paper used does make some difference. In the experiments 


TaBLe III 


Effect of Centrifugation and Filtration on Ascorbic Acid Recovery 
a he values are given in mg. per cent. 





site determinations; protein | 1 mg. per cent ascorbic acid added to to plasma 

ppt. removed by filtration (34 cases) | protein ppt. removed by filtration® (7 ) 

Mean value for cnnteiiiaesd saicites 0.856 Mean well before addition | 0.458 

' ‘ filtered samples 0.762 | “ “after “ 1.363 

difference, centrifuged minus | 0.095 Average loss per determina- | 0.095 
filtered tion 

Average recovery 93.5% 


*Compare with Table I. 


recorded in Table III, Whatman No. | and No. 2 filter papers were used. 
This is a relatively heavy grade of filter paper with a high ash content. 
When Whatman No. 44 paper, which is relatively much thinner and acid- 
treated, was used, the loss was considerably less, although the latter ob- 
servations were not as extensive as those recorded in Table III. 


SUMMARY 


Data are presented indicating that blood drawn for plasma ascorbic acid 
determinations may be kept as long as 3 hours at room temperature and up 
to 24 hours at refrigerator temperature before separation of the plasma 
Without significant loss in ascorbie acid content. After separation of the 
plasma it can be kept only 3 to 4 hours at refrigerator temperature, while at 
room temperature there is a rapid loss of ascorbic acid content. Metaphos- 
phorie acid centrifugates may be kept in the refrigerator for as long as 24 
hours before analysis without loss. 
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When the metaphosphoric acid-protein precipitate is removed by filtra- 
tion, a significant loss of ascorbic acid occurs. This loss is obviated by 
centrifugation. 


Acknowledgment is made to Dr. Myron Kantorowitz of the Cooperative 
Nutrition Study for the statistical analysis of the data presented in this 


paper. 
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THE INACTIVATION OF PYRIDINE NUCLEOTIDES BY ANIMAL 
TISSUES IN VITRO* 


By PHILIP HANDLER anv J. RAYMOND KLEIN 


(From the Departments of Physiology and Pharmacology and of Biochemistry, Duke 
University School of Medicine, Durham, North Carolina) 


(Received for publication, May 4, 1942) 


It has been demonstrated that the inactivation of the pyridine nucleo- 
tides by animal tissues in vitro is accomplished by the cleavage of nicotin- 
amide from the remainder of the nucleotide molecule (1). Schlenk has 


| found that nicotinamide nucleoside is one of the end-products of the de- 


composition of cozymase (diphosphopyridine nucleotide; DPN) by an en- 
zyme system present in preparations of sweet almond emulsin (2). Further, 


TABLE I 
Effect of Incubation with Broken Cell Preparation of Brain on V Factor Activity of 
40 y of DPN and 75 y of Nicotinamide Nucleoside 
The V factor activity is expressed as galvanometer units of growth of Hemophilus 
parainfluenzae when the suspension was properly diluted and added to the proteose- 
peptone medium. 





Suspension tested | Galvanometer units 
i oe ins cewiia cneecnss intense’ sae 0 
ess 5 0 bide baw hme i sieidie eee aweeake amedueenaedacaledn Uae nee 22 
NS eo i ica s bic Vii RAR Ks ke dC aol euler ee 0 
Nicotinamide nucleoside...................... Pe. ee 16.5 
- = A i ect dc es ri Uscereeevel 16.5 


nicotinamide nucleoside can serve as V factor (3). Since animal tissues 
destroy the V factor activity of the pyridine nucleotides (1), it was con- 
cluded that nicotinamide nucleoside could not be the end-product of this 


| decomposition. It was also postulated that nicotinamide nucleoside was 


not an intermediate in this process. The following experiments further 
support this hypothesis. 

75 per cent nicotinamide nucleoside was generously supplied by Dr. F. 
Schlenk. The procedure used was identical with that previously described 
(1). 40yo0f DPN and 75 y of nicotinamide nucleoside were each incubated 
with 0.5 ec. of an undiluted broken cell preparation of rat brain for 30 min- 


* Our thanks are due to the John and Mary R. Markle Foundation for support of 
this study. 
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utes at room temperature. After precipitation of the proteins with tri- 
chloroacetic acid and dilution to 10 ec. the V factor activity of each sus- 
pension was determined by the procedure of Kohn (4). 

Table | is the protocol of a typical experiment. After 30 minutes of in. 
cubation the V factor activity of DPN was completely destroyed, while that 
of the nicotinamide nucleoside remained intact. It appears, therefore, that 
nicotinamide nucleoside is neither the end-product of the decomposition of 
pyridine nucleotides by animal tissues nor an intermediate in that process, 
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NOTE ON THE MECHANISM OF CONVERSION OF 
B-GLYCEROPHOSPHORIC ACID 
INTO THE a FORM* 


By ERWIN CHARGAFF 
(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, May 15, 1942) 


The use of the radioactive phosphorus isotope P# in studies of the mecha- 
nism of phospholipid formation in the organism (compare the reviews in (1) 
and (2)) presupposes that the entrance of this isotope into a phospholipid 
indicates a truly synthetic process. The cell could presumably effect the 
entrance of phosphoric acid into a phosphatide only by the opening and 
closing of ester linkages between phosphoric acid on one hand and a glyc- 
eride and an alcoholic base on the other. But it is unknown whether the 
migration of phosphoric acid from the 8 to the @ position of glycerol, which 
can be effected by acid catalysis (3-5) or by enzymes (compare e.g. (6)), is 
accompanied by an exchange between the esterified phosphoric acid and the 
inorganic phosphates of the surrounding medium. 

In this note a study of two reactions, carried out in the presence of radio- 
active inorganic phosphate, is presented; viz., the conversion in strongly 
acidic solution of 8-glycerophosphoric acid into the isomeric @ form, as 
discovered by Bailly (3), and the incomplete hydrolysis of 8-glycerophos- 
phoric acid in an alkaline medium by pig kidney phosphatase. In both 
reactions studied the radioactive phosphate of the medium failed to ex- 
change with the organic phosphoric acid ester. The conclusions are ob- 
vious. During the isomerization of 8-glycerophosphoric acid to the a form 
in an acid medium (3) the esterified phosphoric acid could at no time have 
been in equilibrium with the inorganic phosphate present in the solution, 
since the isolated a-glycerophosphoric acid exhibited no radioactivity. 
The isomerization probably proceeds via a cyclic diester, as postulated by 
Verkade and collaborators (5). 


CH.OH CH.OH CH,OH 

OH 

—Ho | +H,0 
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* This work has been supported by a grant from the John and Mary R. Markle 
Foundation. 
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The absence of radioactivity from the residual glycerophosphorie acid 
isolated in the enzyme experiments, which were stopped before the hydroly- 
sis was complete, demonstrates that under the experimental conditions no 
appreciable synthesis of the phosphoric acid ester from glycerol and inor- 
ganic phosphate took place and that the enzymatic attack did not labilize 
the substrate to such an extent as to induce free exchange with the inor- 
ganic phosphate of the medium. 


EXPERIMENTAL 


Methods—The preparations were tested for radioactivity in the dry state 
by means of a Geiger-Miiller counter according to methods previously de- 
scribed (7,8). Standard measurements, accompanying each set of deter- 
minations, were carried out with an intimate mixture of small amounts of 
radioactive sodium phosphate with inactive barium glycerophosphate. 

Conversion of B- into a-Glycerophosphoric Acid—To a solution of 5.00 gm. of 
crystalline sodium 8-glycerophosphate (containing 5} molecules of water of 
crystallization) in 50 cc. of water 0.8 mg. of sodium phosphate containing 
4 microcuries of P}? and 5 ec. of concentrated sulfuric acid were added. The 
solution was kept boiling with a reflux for } hour and worked up for sodium 
glycerophosphate according to the method of Verkade e¢ al. (5). The total 
amount of the crude salt obtained was dissolved in 150 cc. of water, 20 ee. 
of a 10 per cent solution of phosphoric acid in water were added, and the 
mixture was made alkaline with barium hydroxide. The precipitate was 
removed by filtration through celite and the removal by dilution of radio- 
active inorganic phosphate repeated twice by the addition and the precipi- 
tation of phosphoric acid in the amounts indicated above. The filtrate 
from the barium phosphate was, after removal of the excess barium by 
means of COs, concentrated in vacuo to a volume of 70 cc. and barium 
glycerophosphate precipitated by the addition of 270 cc. of absolute alcohol. 
The amorphous barium salt, which weighed 3.5 gm., showed practically no 
radioactivity. The crystalline barium a-glycerophosphate was isolated 
according to the method of Fischer and Pfihler (9). After two recrystalli- 
zations from large amounts of water (9) 1.69 gm. of crystalline barium 
a-glycerophosphate were obtained. This salt which was completely devoid 
of radioactivity was found by means of lead tetraacetate (10) to contain 
93.7 per cent of the a form. 


C;H,O.PBa (307.4). Calculated, P 10.1, Ba 44.7; found, P 9.9, Ba 44.3 


Hydrolysis of B-Glycerophosphoric Acid by Kidney Phosphatase in Pres- 
ence of Radioactive Phosphate—In these experiments a phosphatase prepa- 
ration from pig kidneys, obtained by the method of Albers and Albers (11), 
wasemployed. The experimental results are summarized in Table 1. The 
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substrate (sodium 8-glycerophosphate containing 53 molecules of water of 
crystallization) and the radioactive sodium phosphate were dissolved in 
glycine buffer of pH 9.4 to give a total volume of 25 cc. and the solution 
was, in some cases after the addition of small amounts of glycerol, subjected 
to the action of the enzyme at 37°. Control experiments in which the en- 
zyme was omitted were run simultaneously. The degree of hydrolysis of 
the phosphoric acid ester was followed by the colorimetric determination of 
inorganic P at regular intervals. After exactly 2 hours the experiments 
were stopped and 20 ce. of 10 per cent phosphoric acid added. The inor- 
ganic phosphate was removed by means of Ba(OH), and this dilution proc- 
ess (addition of phosphoric acid and precipitation with Ba(OH).) repeated 
twice. The final filtrates from the barium phosphate were neutralized with 


TABLE I 
Enzymatic Hydrolysis of Sodium 8-Glycerophosphate 


Radioactivity of 





Sodi * Sodium B-gly- ioactiv 
Experiment | B-glycero- Radioactive | Giycero | “Sige” | cerophosphate | coaster of bettam 
No. — sodium phosphate | phatase | — _B-slycerophosphate 
me. mg. P me. mg. Pd ab KF units in 1 mg. P 
la 802.1 8.5 (3,700) 0 | 0 0 0 
Ib 803.8 8.5 (3,700) 0 9.9 25.2 0 
le 800.8 8.5 (3,700) 250 10.2 24.5 0 
2a | $00.9 6.8 (21,000) 0 0 0 33 
2b 800.5 6.8 (21,000) 0 10.0 46.5 42 
2c 800.8 6.8 (21,000) | 250 10.0 45.5 51 


* The figures in parentheses indicate the radioactivity in KF units (8) per 1 mg. 
of P. 


COs, freed of BaCQs, acidified with acetic acid, and concentrated in vacuo 
toa volume of 10 ce. Barium glycerophosphate was precipitated by the 
addition of aleohol and in all experiments found to be practically free of 
radioactivity. From these barium salts the barium nitrate double salts 
of barium 8-glycerophosphate (12) were prepared subsequently. Table I 
shows that these complexes likewise exhibited no radioactivity in Experi- 
ment 1 and only very slight radioactivity (less than 0.25 per cent) in 
Experiment 2. 


The author is highly indebted to Professor E. O. Lawrence of the Univer- 
sity of California and to Professor J. R. Dunning of this University for the 
radioactive phosphorus used in these experiments. He also gratefully 
acknowledges the assistance of Mr. A. Bendich. 
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SUMMARY 


The conversion of 8-glycerophosphoric acid into the a form in acidie soly- 
tion proceeds in the presence of radioactive sodium phosphate without an 
exchange between the phosphoric acid ester and the inorganic phosphate, 
The hydrolysis of 8-glycerophosphoric acid by kidney phosphatase in the 
presence of radioactive sodium phosphate likewise takes place without 
labilization of the phosphoric acid ester linkage. 
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THE MOLECULAR WEIGHT OF INSULIN 


By GAIL LORENZ MILLER* ano KJELL J. 1. ANDERSSON 


(From the Institute of Physical Chemistry, University of Upsala, Upsala, Sweden, the 
Department of Biochemistry, Cornell University Medical College, New York City, 
and the Department of Animal and Plant Pathology of The Rockefeller Institute 

for Medical Research, Princeton) 


(Received for publication, May 4, 1942) 


In some of the earliest work with the ultracentrifuge, Sjégren and Sved- 
berg (1) found by the equilibrium method that crystalline insulin appeared 
to have a molecular weight of 35,100. It has been suggested recently by 
Svedberg and Pedersen (2), however, that this value is probably too low, 
since insufficient time was allowed for the attainment of complete equilib- 
rum. A second value for the molecular weight, namely 40,900, has been 
estimated by Polson (3) on the basis of a diffusion rate, Deo = 8.20 & 10-7 
sq. em. per second, obtained by him, and the sedimentation rate, 820 = 
347 X 10-" em. per second per unit centrifugal field, reported by Sjégren 
and Svedberg (1). The sample of insulin used for the diffusion measure- 
ments was a commercial preparation, the homogeneity of which had been 
improved by means of fractionation,! but which still may have been some- 
what impure. Because of the discrepancy between the two molecular 
weight values reported and the uncertainties which were attached to the 
measurements in each case, it was thought of importance to repeat certain 
of the determinations and to employ carefully recrystallized protein for the 
entire investigation.? 

Source of Insulin—In order to obtain insulin protein of a sufficient degree 
of homogeneity, commercial samples of crystalline insulin® were recrystal- 
lized by the method described by du Vigneaud, Miller, and Rodden (5). 
For the diffusion experiments, two recrystallizations were found to be 
advisable. 

The insulin solutions were prepared as illustrated by the following exam- 

* Rockefeller Fellow, Upsala, Sweden. The recipient of the fellowship wishes to 
acknowledge his indebtedness to Professor Vincent du Vigneaud through whose 
kindness the arrangements with Professor The Svedberg were made for the carrying 
out of the present investigations. 

‘ Andersson, K. J. 1., unpublished results, quoted by Svedberg and Pedersen (2). 

* The authors wish to thank sincerely Professor The Svedberg for the privilege of 
carrying out this and other studies (4) in his laboratory. Thanks are also due Dr. 
W.M. Stanley and Dr. Max A. Lauffer of the Rockefeller Institute for permission to 
use the diffusion set-up in their laboratory for a part of the present investigation. 

* The insulin used in the present study was a sample of iletin generously put at 
our disposal by Professor du Vigneaud. 
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ple. 100 mg. of recrystallized insulin were suspended in 5 ec. of water and 
dissolved by means of 0.9 ec. of 0.1 N hydrochloric acid, added 0.1 ce. at 
a time with stirring., 1.0 cc. of 0.1 M phosphate buffer at pH 7.1 was then 
added, followed by 1.1 ec. of 0.1 m sodium hydroxide, added 0.1 ce. at a 
time with stirring. 1.0 ce. of 2.0 m sodium chloride and 1.0 ce. of water 
were finally added. The resulting solution, the pH of which was between 
7.0 and 7.3, was slightly opalescent owing to the presence of small amounts 
of impurities. By centrifugation at 5° in a Swedish angle centrifuge, a 
water-clear supernatant solution was obtained. Before use in diffusion 
experiments, the protein solutions were dialyzed overnight against a buffer 
of similar composition. 

Sedimentation Constant of Insulin—Determinations of the sedimentation 
constant of insulin were made in the oil-driven ultracentrifuge at a speed of 
65,000 R.P.M., corresponding to a centrifugal force of 350,000 times gravity, 
The observations of the sedimenting boundaries were made by the scale 
method of Lamm (6). A series of sedimentation runs with solutions con- 
taining 1 per cent crystalline insulin in 0.2 m sodium chloride and 0.04 » 
phosphate buffer at pH 7 gave an average So of 3.55 K 10~" cm. per second 
per unit centrifugal field. The variation from the mean was very small. 
The figure given has been corrected for the density and viscosity of the 
medium, as is now the general practice (2), and is for this reason slightly 
higher than the value previously reported. 

Sjégren and Svedberg (1) found that crystalline insulin was stable within 
the pH range of approximately 4.5 to 7. Outside these limits, the sedi- 
mentation constant of the protein dropped, apparently owing to a dissocia- 
tion of the insulin. In this earlier work, the photographs of the sediment- 
ing boundaries were obtained by the light absorption method. Since the 
refractometric method of Lamm provides a more descriptive picture of the 
process of sedimentation, it was thought of interest to employ this method 
in making a few investigations on the crystalline insulin outside its stability 
range. Two sedimentation runs were therefore made, one at pH 7.5, the 
other at pH 8.5. The sedimentation diagrams for these experiments are 
shown in Fig. 1. It may be seen that at pH 7.5 the insulin was quite stable 
and yielded the normal sedimentation constant. At pH 8.5, however, the 
rate of sedimentation fell considerably, and in addition there was a progres- 
sive dissociation in the direction of the formation of smaller and smaller 
particles. It may be concluded that, in general, the results of the present 
sedimentation studies are in close agreement with the corresponding data 
of Sjégren and Svedberg. 

Diffusion Constant of Insulin—Diffusion measurements on the insulin 
were made at 20° in the metal diffusion cell and by the refractometrie 
method as described by Lamm (6), and also at 0° with the Neurath diffu- 
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sion cell (7) and optical system of Longsworth (8). The experiments were 
carried out on concentrations of protein varying from 0.5 to 1.0 per cent. 
The solvent used was 0.2 N NaCl in 0.01 to 0.02 m phosphate buffer at pH 7. 
The diffusion constants for the measurements determined with the Lamm 
apparatus were calculated by the method of ‘“‘successive analysis.” The 
results obtained with the Neurath-Longsworth apparatus were calculated 
by the “maximum ordinate-area’”’ method and also by the method based 
on the measurements of the abscissas for the inflection points of the con- 
centration gradient curves. These methods of calculation have all been 
described by Lamm (6). For the diffusion curves which were obtained by 
the Longsworth scanning method, the Lamm equations were applied as 
follows, as suggested by Lauffer. In order to take care of the various 
magnification factors involved in the method, the equation given by 











Fic. 1. Sedimentation diagrams of insulin. The abscissa scale represents the 
distance in em. from the center of rotation; the ordinate scale represents the scale 
line displacements in mm. with a scale distance in the ultracentrifuge of 60 mm. 
The numbers near the peaks of the diagrams indicate lengths of time after the centri- 
fuge had attained full speed. (a) 829 = 3.58 X 10-“ cm. per second per unit centrifu- 
gal field; (b) seo = 3.16 X 10-" cm. per second per unit centrifugal field. 


Lamm (6) for the calculation of the diffusion constant by the maximum 
height-area method, namely 


(>)? 1 
Di = ys te 


was converted to the form 


bea OE 
(X'm)? 4 m?G? 

where &’ and X%, are, respectively, the areas and maximum heights meas- 

ured on tracings of the scanning diagrams, m is the enlargement factor for 

the tracings, which was 4 in the present work, and G is the photographic 

enlargement factor for abscissa magnification resulting from the optical 

system of the diffusion apparatus. Similarly, for the method of calculation 


‘ Lauffer, M. A., private communication. 
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involving the measurement of the inflection points of the diffusion curves, 
the equation 


” 


ho = 
2 
was converted to the form 
(x’;)? 1 
ali 2 “mG? 


where x’; represents the abscissas for the inflection points, as measured on 
the tracings of the scanning diagrams. The heights on the curves for 


TABLE I 


Diffusion Measurements on Crystalline Insulin 
D, represents the diffusion constants calculated by the method of ‘‘successiye 
analysis;’’ D2, the diffusion constants calculated by the ‘‘maximum height-area” 
method; Ds, the diffusion constants calculated from the inflection points. All values 
are corrected to 20° with water as the solvent. 


| 








pooaraes | Eemgiment | ruin, | | D 
| | 
| per ceni 10-7 | lo-7 1o-7 r 
Lamm l 0.5 7.32 | 
2 1 7.01 
3 l 7.91 =| 
g°8 Gmy 8.17 | 
Neurath-Longs- 5 0.5 7.33 7.72 
worth 6 | 0.7 6.83 7.35 
7 0.7 7.54 7.51 
8 0.7 | | 7.96 7.68 
| 
Average Doo | 7.60 7.42 7.87 
Final average Doo 7.53 


locating the inflection points were obtained by dividing the maximum 
height by ~/e (6). 

The data for the measurements carried out on the insulin are presented 
in Table I. All values have been corrected to 20° with water as the solvent. 
Good agreement is shown between the results obtained at 20° with the 
Lamm apparatus and those obtained at 0° with the Neurath-Longsworth 
equipment. In addition, the average values obtained by the different 
methods of calculation corresponded closely to one another. Evidence for 
homogeneity of the insulin was provided by the excellent agreement, as 
shown in Fig. 2, between the experimentally determined diffusion curves 
and those calculated from the theory. It should be pointed out, however, 
that diffusion methods possess a limited sensitivity with respect to tests 
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for homogeneity. No significant drift in diffusion constant was observed 
with change in concentration of the protein. In certain cases, however, 
there did appear to be an appreciable variation in the values obtained from 
mn to run. We have not yet been able to ascribe this variation to any 
single factor. Nevertheless, the agreement obtained in the average values 
and the close correspondence between the experimental and theoretical 
diffusion curves lend reliability to the final values. 

Molecular Weight of Insulin—The partial specific volume, V, of insulin 
was found by Sjégren and Svedberg (1) to be 0.749. This value, together 
with the above values determined for 829 and Do, was used in the calcula- 


_ tion of the molecular weight of the protein by means of the equation M = 


RTs/D(1 — Vp), in which M represents the molecular weight, and p, the 
density of water at 20°. A figure of 46,000 was thereby obtained. The 
ratio of the observed molecular frictional constant to that of a spherical 


87300 Sec. 


260,760 sec. 


init Sei 


Fic. 2. Concentration gradient curves for diffusion of insulin (Experiment 5). 
The experimental curves are represented by continuous lines; the theoretical curves, 
by circles. The numbers near the peaks of the diagrams indicate the lengths of time 


after the diffusion was started. 





molecule of the same weight was 1.18. It is interesting to note that these 
values describing the size and shape of insulin correspond closely to the 
revised values found for egg albumin (2, 9). On the basis of the present 
figure for the molecular weight of insulin, estimations which have been 
reported (10, 11) for the numbers of units of zinc, sulfur, amide nitrogen, 
or amino acids in the protein would have to be corrected by a factor of 
almost exactly 4/3. 
SUMMARY 


The sedimentation and diffusion constants of insulin have been deter- 
mined on samples of carefully recrystallized and purified protein. A figure 
of 899 = 3.55 X 10-" em. per second per unit centrifugal field obtained for 
the sedimentation constant confirmed the value reported by previous in- 
vestigators. Diffusion measurements vielded an average value of 7.53 X 
10-7 sq. em. per second, which was somewhat lower than that reported 
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before. The agreement between the average values of the diffusion cop. 
stant as obtained by each of several different methods of calculation, 
together with the close correspondence between the experimental and 
theoretical diffusion curves, was taken as evidence of the homogeneity of 
the material under investigation and the reliability of the final value ob. 
tained. The molecular weight of insulin estimated from the present datg 
was found to be 46,000. 


ll. 
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AN ULTRACENTRIFUGE STUDY OF REDUCED INSULIN 


By GAIL LORENZ MILLER* anp KJELL J. I. ANDERSSON 


(From the Institute of Physical Chemistry, University of Upsala, Upsala, Sweden, and 
the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, May 4, 1942) 


The importance of the intact, oxidized state of the sulfur linkages of 
insulin to the physiological activity of the hormone was first clearly dem- 
onstrated by du Vigneaud and coworkers (1). In this investigation, the 
insulin was converted into the sulfhydryl form by treatment in neutral 
solution with an excess of cysteine or glutathione. It was found that the 
reduction invariably led to inactivation, but that subsequent oxidation was 
not followed by reactivation. Wintersteiner (2), in an extension of this 
work, found that the inactivation of insulin was complete when about one- 
third of the total sulfur was reduced. The rate of change of the two 
processes indicated, however, that actually the reduction of a very small 
proportion of the disulfide groups in the insulin molecule was sufficient to 
cause extensive inactivation. Freudenberg and Wegmann (3) have re- 
ported more recently that reduced insulin may be partially reactivated by 
treatment with oxygen or hydrogen peroxide in the presence of an excess 
of cysteine or glutathione. This was explained on the hypothesis that 
the insulin molecule consists of a polypeptide chain along which small 
branches are bridged by way of disulfide linkages, and that reactivation of 
the reduced insulin in the presence of high concentrations of cysteine or 
glutathione was possible because of the substitution of these units for the 
original branch chains. Stern and White (4) found that under certain 
conditions of reduction an insulin preparation might be obtained which 
contained around 5 per cent of its total sulfur in the reduced form and which 
possessed 50 per cent of the biological potency of the untreated protein. 

In the present study we wish to obtain more definite evidence as to 
whether the insulin molecule actually is broken into smaller fragments 
when the disulfide linkages of the protein are cleaved by reduction. If 
the insulin molecule contains twenty-four disulfide linkages, as may be 
calculated from the cystine content (5) and the molecular weight (6), and 
these linkages are spaced at equal intervals in a polypeptide chain structure, 
one would expect complete reduction to produce fragments possessing 
molecular weights of around 2000. If the insulin molecule consists of a 
bundle of parallel polypeptide chains, any two adjacent ones of which are 


* Rockefeller Fellow, Upsala, Sweden. 
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held together by two or more disulfide bridges, complete reduction of the 


molecule could yield units larger than in the first case. Should the insulin | 


molecule possess the structure indicated by Freudenberg and Wegmann, 
reduction should yield a mixture of small fragments together with a larger 
unit of molecular weight of perhaps 30,000 to 40,000. It is also conceivable 
that the disulfide linkages are of no direct importance in holding parts of 
the insulin molecule together and that reduction of the protein would cause 
no decrease whatsoever in molecular weight, although in this case a change 
of shape might be anticipated. 

It was felt that information on the question of fragmentation of insulin 
by means of reduction might be obtained with the aid of the ultracentrifuge. 
Some preliminary studies on reduced insulin in the ultracentrifuge have 
been made by White and Stern (7) in collaboration with Svedberg and 
Eriksson-Quensel. In general, the reduction appeared to have caused only 
rather slight changes in the behavior of the insulin, but it may be recalled 
that these insulin preparations were reduced to a relatively small extent. 
Of interest also in this connection is the study of Gralén and Svedberg (8) 
on another sulfur-containing protein, namely the snake poison, crotoxin. 
As a part of this investigation, a sample of the crotoxin was reduced with 
cysteine and then subjected to ultracentrifugation. It was reported that 
reduction had caused the formation of particles of undeterminable size, 
having a low molecular weight. 

For the experiments on reduced insulin, we chose to vary the extent of 
reduction by employing different amounts of reducing agent and allowing 
a period of time for equilibrium to be reached. Thus, for the centrifuge 
runs, for example, solutions of the insulin were made up to contain 1| per 
cent protein in 0.2 m sodium chloride and the desired molarity of thiogly- 
colate, the final pH was adjusted to 7.0 to 7.5, and the mixtures were 
allowed to stand for 24 hours at room temperature before the centrifuge 
runs were carried out. The 0.2 m electrolyte was introduced for the pur- 
pose of depressing charge effects which otherwise might interfere with free 
sedimentation. 

In order to render the investigations as quantitative as possible, it was 
important to know the exact state of reduction of each sample to be 
studied. For the determinations of the amounts of cystine and cysteine 
in the reduced insulin, samples of the treated protein were isolated by 
precipitation with acid acetone, dried in a desiccator, and hydrolyzed with 
20 per cent hydrochloric acid in a sealed tube in the absence of oxygen. 
The hydrolysates after dilution were analyzed for cysteine by iodate 
titration and for both cysteine and cystine by the use of the Folin phospho- 
tungstate reagent with and without sulfite. The relationship between 
concentration of reducing agent and extent of reduction of the insulin is 


shown in Fig. 1. 
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A great apparent obstacle to the studies which we wished to carry out 
lay in the fact that, depending on the extent of reduction, the insulin was 
transformed to a smaller or larger extent into an acid-insoluble derivative. 
Thus, the insulin preparation of greatest interest for study, namely the one 
in which the sulfur linkages were almost completely reduced, was very 
largely insoluble, even at pH 7. The reduced insulin was found to be much 
more soluble in alkaline solution, but it was not possible to take advantage 
of this fact, since native insulin itself is unstable in solutions more alkaline 
than pH 7.5 (6). Since it was desired in the present study to avoid the use 
of a special dispersing agent for the reduced insulin, measurements were 
simply carried out on the soluble fractions. 
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Fic. 1. Effeet of concentration of thioglycollate on extent of reduction of insulin 
ina | per cent solution of the protein at pH 7. 

Fig. 2. Sedimentation diagrams of insulin in different concentrations of thio- 
glyecolate (RSH). The abscissas represent distances in cm. from the center of 
rotation, and the ordinates, scale line displacements in mm. with a scale distance 
in the ultracentrifuge of 60 mm. The numbers near the peaks of the diagrams indi- 
cate time in minutes after the centrifuge had attained full speed. (a) 829 = 3.96 X 
10 em. per second per unit centrifugal field; (b) (1) 820 = 1.20 X 10° em. per 
second per unit field, (2) 820 = 3.77 X 10-™ cm. per second per unit field; (¢) and (d) 
sedimentation constants not determinable. 


In the first experiments, insulin was treated with 0.002 m thioglycolate. 
Under the conditions used, the extent of reduction of the insulin corre- 
sponded to one-half disulfide linkage per molecule of protein. The reduc- 
tion mixture before centrifugation was clear. From the sedimentation 
diagrams shown in Fig. 2, a, it may be seen that the homogeneity of the 
reduced insulin was decreased as compared with that of the untreated 
insulin, the sedimentation diagrams for which have been presented in a 
previous publication (6). There has been an apparent increase in the value 
for the sedimentation constant of the protein, but, as indicated by the 
direction of the skewness of the curves, this effect was due to the presence 
of a certain amount of molecules or aggregates which sedimented more 
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rapidly than the original insulin. The areas under the curves, which are 
proportional to the concentration of sedimenting substance, accounted for 
80 per cent of the starting material. The loss was due, in part at least, to 
the presence of rapidly sedimenting soluble aggregates which went to the 
bottom of the centrifuge cell at the beginning of the centrifugation. No 
evidence of fragmentation of the insulin by reduction under these condi- 
tions was detected. 

When the insulin was treated with 0.005 M thioglycolate, approximately 
one disulfide linkage per molecule of protein was reduced. The sedimenta- 
tion curves obtained for this material revealed two distinct major bound- 
aries and a number of minor ones. These are shown in Fig. 2,b. The 
boundary possessing a sedimentation constant, 825 = 3.77 K 10~-", may be 
considered to be unchanged or only slightly changed insulin. The more 
slowly sedimenting component represents either fragments of the original 
insulin molecule, or possibly molecules which have undergone considerable 
change in shape. The solution of the reduced protein before centrifugation 
was definitely opalescent, indicating the incipient formation of insoluble 
aggregates. It should be pointed out that in the curves of Fig. 2, b the 
ordinate scale was drawn 4 times that in previous diagrams. Thus, the 
actual concentration of unaggregated material had been greatly reduced. 
Because of the uncertainty of the position of the base-lines, it was not 
possible to make accurate calculations of the concentrations from the areas 
under the curves. It was very probable that again the apparent loss of 
sedimenting material was accountable as rapidly sedimenting aggregates. 

In Fig. 2, ¢ and d, are shown the sedimentation pictures which were 
obtained when the insulin was treated with 0.01 mM and 0.2 m thioglycolate, 
respectively. In the former case, the reduction mixture was strongly 
opalescent and, in the latter case, approximately three-fourths of the insulin 
had precipitated from solution. The extents of reduction corresponded to 
the cleavage of three and of twenty disulfide groups, respectively. The 
ultracentrifugation was characterized in both cases by the rapid sedimenta- 
tion of soluble protein aggregates, by the complete disappearance of the 
original insulin, and by the appearance of increasing amounts of low 
molecular weight fragments. 

The final results of the insulin experiments, as summarized in Table I, 
do not lend themselves to as quantitative an analysis with respect to extent 
of fragmentation as might be hoped for. However, they do reveal some 
of the actual changes which occur in an insulin solution during reduction 
and indicate the physical changes which accompany changes in biological 
activity. The homogeneity of the native insulin has been found to be 
extremely sensitive to a very slight reduction of the sulfur linkages con- 
tained in the molecule. This is in analogy to the sensitivity of the bio- 
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logical activity to reduction and demonstrates that, although the extent of 
reduction as measured by chemical methods may be very small, the con- 
comitant changes in physical properties of the protein are relatively great. 
Thus, it may be inferred that the biological inactivity of reduced insulin 
may not be due simply to the inactivity of the sulfhydryl insulin, but rather 
that it is due largely to the extensive change in physical properties of the 
insulin which takes place during, and possibly after, incipient reduction of 
the molecule. As reduction proceeds, aggregation of the products appears 
to be the primary change which occurs, but at the same time appreciable 
amounts of fragments much smaller than the original insulin also are 
formed. 

In order to determine whether other sulfur-containing proteins would 
behave similarly to insulin, preliminary reduction experiments were in- 
stituted with serum albumin and with egg albumin, the former protein 
possessing a cystine content of around 6 per cent (9),' the latter a combined 


TABLE I 
Effect of Reduction on Particle Size of Insulin 


Insoluble 


RSH Reduction Small fragments Unchanged om Soluble sszregates aggregates 
M per cont . ~ , ‘hae ary a 
0.02 | 3 - +++4++ | + | = 
0.005 | 6 +] ~ b< Sea ~ 
0.010 | 12 + | - | e+ | ++ 
0.200 | + | 


Sail 





cystine plus cysteine content of 1.3 to 1.8 per cent (10, 11). Serum al- 
bumin treated with 0.2 m thioglycolate at pH 7, in marked contrast to the 
insulin, exhibited no visible denaturation and appeared practically un- 
changed in the ultracentrifuge. Analyses for cysteine, however, revealed 
that little if any reduction of the protein had occurred under these condi- 
tions. When the pH of the reduction mixture was raised to 8.5, heavy 
precipitation of protein occurred and it was concluded that the denatura- 
tion was due to preliminary reduction. Although the study of this protein 
has not yet been carried further, it appears that under appropriate condi- 
tions its behavior is analogous to that of insulin. Egg albumin after 
treatment with 0.2 m thioglycolate even at pH 8 showed practically no 
change in the ultracentrifuge. From direct analyses for cysteine and 
cystine, it was found that the cystine of the native egg albumin was around 
40 per cent in the reduced form, whereas the cystine in the reduced protein 
was nearly 80 per cent reduced. One may conclude, therefore, that in the 


' Miller, G. L., and du Vigneaud, V., unpublished results. 








' 
i 
» 


LY epee 


NS nel 


170 REDUCED INSULIN 





case of egg albumin the reduction was not accompanied by appreciable 
denaturation or fragmentation. 

The similarity in behavior of the high cystine-containing proteins, 
namely insulin and serum albumin, as contrasted with the low cystine- 
containing protein, egg albumin, suggests that the denaturation of the 
former was incumbent on preliminary reduction. The negative result with 
the egg albumin indicated further that the denaturation of insulin and 
serum albumin was made possible by the reducing action of the thioglyeo- 
late rather than by any general denaturing property of the reagent. 


EXPERIMENTAL 


Method of Reduction—The thioglycolic acid used was purified by frae- 
tional distillation in vacuo. <A typical reduction experiment was carried 
out as follows: 10.75 mg. of crystalline insulin were dissolved in 0.40 ee. of 
0.02 N hydrochloric acid added at the rate of 0.1 ce. at a time with stirring, 
0.25 cc. of alkaline reducing agent made up of | part of 0.04 M lithium thio- 
glycolate and 4 parts of 0.05 m lithium hydroxide was then added, 
Finally 0.07 ce. of 0.05 N lithium hydroxide and 0.20 cc. of water were 
added to give a solution of 1 per cent insulin in 0.002 m thioglycolate at pH 
7.0. The mixture was allowed to stand at 20° for 24 hours, at the end of 
which time 0.1 ec. of 2.0 Mm sodium chloride was added and the ultracentri- 
fuge measurement carried out. 

For the isolation of the reduced insulin preparatory to analysis for 
cystine and cysteine content, the reductions were carried out as outlined 
above with the exceptions that 40 mg. samples of insulin in 4 cc. of reducing 
mixture were used and the addition of the sodium chloride was omitted. 
The reduced proteins were isolated by adding the reduction mixtures to 
40 ce. of acetone containing | ec. of 1 N hydrochloric acid. The precipitates 
which separated were allowed to settle, the supernatant liquids decanted, 
and the remaining suspensions centrifuged at 3000 r.p.m. The precipitates 
were washed three times at the centrifuge with 3 cc. portions of acetone, 
and were then dried in a vacuum desiccator. In the experiments with egg 
albumin, 200 mg. samples of protein in 4 cc. of solution were used. The 
reduced egg albumin preparations were isolated as described above except 
that 40 ec. of acetone containing 2 ec. of concentrated hydrochloric acid 
were used. Under these conditions the final product was a fine powder 
which was more easily handled than the isolated insulin preparations. The 
lithium salt of the thioglycoliec acid was employed in preference to the 
sodium salt because of the greater solubility of the former in the acid 


acetone employed in the isolation procedure. 
Methods of Analysis—The first step in the procedure consisted in the 
hydrolysis of the sample of protein with a measured amount of a hydro- 
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lyzing mixture containing 4 parts of concentrated hydrochloric acid, 1 part 
of glacial acetic acid, and 3 parts of water. The hydrolyses were carried 
out in sealed tubes and in an atmosphere of nitrogen. A bath temperature 
of 115° was maintained and the heating continued for 24 hours. Acetic 
acid was employed in place of formic acid (5) because of decomposition of 
the latter on heating in sealed tubes and because the acetic acid aided in 
dissolving the proteins at the beginning of the digestion. The final 
hydrolysates were then diluted to 1 N hydrochloric acid. Suitable aliquots 
were treated with 5 N potassium iodide to give a concentration of 1 N 
iodide, and the solutions were then titrated with 0.01 N potassium biiodate. 
In this way a measure of the amounts of cysteine present was obtained. 
Suitable aliquots were also analyzed for cysteine and cystine by the fol- 
lowing modification of the Folin method. To 1 ec. of diluted hydrolysate 
containing 0.1 to 0.4 mg. of cystine plus cysteine in 1.0 N hydrochloric acid 
was added 1 cc. of 0.4 mM sodium sulfite followed by 4 ec. of 0.4 m disodium 
acid phosphate and 1 ce. of phosphotungstate color reagent prepared ac- 


cording to Folin’s 1934 directions (12). After 5 minutes the colors were 








measured in a Pulfrich photometer in terms of extinction coefficient. For 
determinations of cysteine alone, the 0.4 m sodium sulfite was substituted 
by an equal volume of 0.4 m disodium acid phosphate. Color intensities 
given by standard samples of cystine or cysteine were easily reproduced; 
so that a calibration curve could be employed. In the presence of sulfite, 
eysteine gave twice the color of an equal weight of cystine and twice the 
color of the same sample of cysteine in the absence of sulfite. This rela- 
tionship is required by the theory of the reactions involved (13). The 
extinction coefficient due to cystine when present in a mixture containing 
cysteine was calculated by the expression (Cgo, — 2Co)/2, where Cgo, is the 
extinction coefficient of the unknown determined in the presence of sulfite 
and Cy is the extinction coefficient measured in the absence of sulfite. Ten 
different samples of cysteine, varying in amount from 2 to 7 mg., were 
earried through the hydrolysis procedure employed with the proteins. An 
average loss of 0.18 + 0.05 mg. of cysteine resulted. This loss was found 
to be due to oxidation to cystine. A correction of this amount was there- 
fore applied to all analyses. 

The determinations of cystine and cysteine in the insulin and egg albumin 
were carried out as follows: In one experiment, 5 mg. of crystalline insulin 
were digested with 0.83 cc. of hydrolyzing mixture. The hydrolysate was 
diluted to 5 ce. and 1 ce. aliquots were analyzed by the Folin method. 
There was no cysteine present. The cystine content of the insulin was 
11.3 per cent, uncorrected for ash and moisture. In another experiment, 
32.7 mg. of insulin which had been reduced in 0.05 m thioglycolate were 
digested with 1.66 ce. of hydrolyzing mixture and the final hydrolysate was 
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diluted to 10 ce. Toa 5ce. aliquot, 1 cc. of 5 N potassium iodide was added 
and the mixture was titrated with 0.01 N biiodate. According to this 
titration, the reduced insulin under analysis contained 4.66 per cent 
cysteine. A 1 cc. aliquot of the diluted hydrolysate gave with the Folin 
method in the absence of sulfite an extinction coefficient indicative of 5.25 
per cent cystine. It was assumed that the difference was due to non- 
cysteine reducing substances and that these extraneous substances would 
not give enhanced color in the presence of sulfite. A determination was 
then made on a | ce. aliquot in the presence of sulfite. The color obtained 
under these conditions, when corrected for that due to the cysteine present 
as determined by iodine titration and for that due to the extraneous redue- 
ing substances, indicated a cystine content of 5.87 per cent. When cor- 
rected for the conversion of 0.18 mg. of cysteine to cystine under the condi- 
tions of the hydrolysis, the per cent cysteine became 5.21, the per cent 
cystine, 5.32. The extent of reduction was therefore 49 per cent. For 
the egg albumin, 200 mg. samples of the recrystallized protein gave by the 
biiodate titration method 0.48 per cent cysteine. When corrected for 
conversion of cysteine to cystine, the figure became 0.58 per cent. The 
reduced egg albumin, after isolation, contained 1.07 per cent cysteine. 
Determinations by the Folin method revealed the presence in the hydrol- 
ysate of extraneous substances which reduced the phosphotungstate 
reagent in the absence of sulfite. When corrections were applied as in the 
insulin analyses, an average value of 1.38 per cent cystine plus cysteine was 
obtained. 

Ultracentrifuge Determinations—Studies on the sedimentation of the 
reduced insulin were made with the oil-driven ultracentrifuge at a speed of 
65,000 r.p.m. Observations of the sedimenting boundaries were made by 
the Lamm scale method (14). 

For the calculation of the theoretical areas under the refractive index 
curves for the sedimentation boundaries, determinations of the refractive 
index increment of insulin were first carried out. These measurements 
were obtained with the aid of a differential prism apparatus employed in 


the Upsala laboratory. The refractive index increment of the insulin was | 


found to be 1.88 X 10-* for a wave-length of 436 my and 1.82 10° for 


a wave-length of 546 mu. These values each represent the average of two | 


determinations. 


SUMMARY 


Preparations of insulin in which the disulfide linkages were reduced with 
thioglycolate at pH 7 to 7.5 have been studied in the ultracentrifuge. The 
primary change in properties of the insulin on reduction was an aggregation 
of the reduced molecules to form particles of much greater size than the 
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original protein. In addition, the formation of small amounts of low 
molecular weight fractions was demonstrable. 

The well known high degree of sensitivity of the biological activity of 
insulin to reduction of the hormone was found to be paralleled by a rapid 
change in physical properties of the protein. It was concluded therefore 
that the inactivity of reduced insulin may be the result of its denatured 
and aggregated state rather than simply its sulfhydryl] structure. 
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ULTRACENTRIFUGE AND DIFFUSION STUDIES ON NATIVE 
AND REDUCED INSULIN IN DUPONOL SOLUTION 
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In a study of reduced insulin by means of the ultracentrifuge (1), it was 
reported that a certain amount of fragmentation of the insulin occurs dur- 
ing reduction, but that the major portion of the reduced protein becomes 
aggregated. In order to gain more information concerning the actual size 
of the units which make up the aggregated material, experiments have been 
instituted in which special agents were employed for dispersing the protein. 
Sodium salicylate as a dispersing agent was found to have comparatively 
little effect. Urea, in concentrations of 25 per cent or greater, maintained 
a clear solution of the reduced insulin for a day or two. Commercial 
Duponol,' on the other hand, in amounts as low as 2 per cent, was found to 
maintain clear solutions of the reduced insulin almost indefinitely. Be- 
cause of certain difficulties which may be encountered in ultracentrifuge 
experiments when high concentrations of urea are employed, the Duponol 
was chosen as the more suitable dispersing agent for the present study. 

The principal organic components of the commercial Duponol were the 
sodium salts of sulfated aliphatic alcohols of chain length Cs to Cis. The 
preparation contained in addition about 50 per cent of inert material con- 
sisting mainly of sodium sulfate with a small amount of sodium chloride. 
Before the Duponol was used in the present investigations, it was subjected 
to a partial purification by a single reprecipitation from water. Elemen- 
tary analyses carried out on the partially purified material revealed that the 
detergent still contained about 15 to 20 per cent of impurity in the form of 
sodium sulfate. From the studies of Hartley and Runnicles on paraffin 
chain detergents (2), it was to be expected that the Duponol would exist in 
solution in micellar form. In order to determine the size and shape of the 
Duponol micelles, measurements were made of the sedimentation and 
diffusion constants of the material. The measurements were carried out in 
a medium of 0.2 m lithium chloride which, on the basis of the data of Hartley 
and Runnicles, provided sufficient electrolyte to suppress interfering charge 


* Rockefeller Fellow, Upsala, Sweden. 
‘Duponol (WA flakes), manufactured by E. I. du Pont de Nemours and 
Company, Inc. 
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effects. From a series of determinations, average values of 8. = 0,7] 
X 10-" cm. per second per unit centrifugal field and Dyo = 10.5 sq. em. per 
second were obtained. It was found in addition that the rates of sedj. 
mentation and of diffusion did not change significantly when the concentra. 
tion of Duponol was varied from 0.2 to 2.0 per cent. A value of V = 0.87 
was obtained for the partial specific volume of the detergent by measure. 
ments carried out on a sample of analytically pure sodium dodecy!] sulfate? 
more recently studied. When the values sx = 0.71 K 10-", Doo = 105 
xX 10-7, and V = 0.87 were substituted in the formula M = RT7's/D(i - 
Vp), a micellar weight of 12,500 was obtained. The frictional ratio, f/f, 
was equal to 1.24, which indicated a degree of symmetry comparable to that 
of the native insulin (3). 

In qualitative experiments with mixtures of unreduced insulin and 
Duponol, it was observed that the native insulin could be precipitated from 
solution by very small amounts of Duponol, but that the precipitated ma- 
terial could subsequently be redissolved by means of additional amounts of 
the detergent. On the basis of Anson’s findings that detergents have a 
strong denaturing effect on proteins (4), it seemed likely that the smal] 
amount of Duponol caused a denaturation of the insulin, whereas the 
higher concentrations of the detergent then exerted a dispersing effect on 
the denatured protein. In order to minimize the effect of the Duponol in 
causing any aggregation and precipitation of the insulin, it appeared de- 
sirable to employ a considerable excess of the detergent. Qualitatively, a 
concentration of 2 per cent Duponol for 1 per cent insulin appeared ade- 
quate for this purpose. The first sedimentation and diffusion experiments 
to be considered, therefore, are those carried out under these conditions, 
An electrolyte concentration of 0.2 m lithium chloride was maintained in 
order to suppress undesirable charge effects. The sedimentation diagrams 
presented in Fig. 1 show the results obtained with a solution of 1 per cent 
unreduced insulin in a medium of 2.0 per cent Duponol. It may be seen 
that a single, sharp boundary was obtained. A measurement of the areas 
under the curves showed that both the insulin and the Duponol were pre 
ent in the same boundary. It appeared, therefore, that a new substance, 
an insulin-Duponol complex, had been formed. The sedimentation con- 
stant, 820 = 1.61 X 10~-", was intermediate between that of Duponol alone 
and that of pure insulin (3). In a diffusion experiment with 1 per cent in- 
sulin in 2 per cent Duponol, quite good diffusion curves were obtained anda 
diffusion constant of 8.98 X 10-7 was calculated. On the assumption that 
the insulin-Duponol complex would possess a mean partial specific volume, 
V = 0.83, a micellar weight of 27,600 was estimated. Since this value was 


2 A sample of analytically pure sodium dodecy! sulfate was generously put at our 
disposal by Dr. 8. Lenher of E. I. du Pont de Nemours and Company, Inc. 
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lower than the molecular weight of insulin alone, it was concluded that the 
Duponol had caused a dissociation of the native insulin. Furthermore, 
since the insulin and Duponol appeared to exist solely as a complex, the 
molecular weight of the insulin portion of the complex could be calculated to 
be approximately one-third of the value of 27,600. The frictional ratio, 
f/fo, was found to be 1.20, indicating that the complex possessed essentially 
the same shape as that of each of its components when present alone. 

In order to determine the effect of reduction of the protein, ultracentri- 
fuge experiments were next carried out in 2 per cent Duponol containing 
concentrations of lithium thioglycolate of 0.005, 0.02, and 0.2 m. Ac- 
cording to previous work (1), the 0.2 m thioglycolate was sufficient to pro- 
duce quite complete cleavage of disulfide linkages in the protein. In 








Fic. 1 Fig. 2 


Fic. 1. Sedimentation diagrams of a mixture of 1 per cent insulin and 2 per cent 
Duponol. The abscissas represent distances in em. from the center of rotation. 
The ordinates indicate scale line displacements in mm. with a scale distance in the 
centrifuge of 60mm. The numbers near the peaks of the diagrams indicate the time 
in minutes after the centrifuge had attained full speed. s20 = 1.61 K 10-™ cm. per 


second per unit centrifugal field. 
Fic. 2. Sedimentation diagrams of a mixture of 1 per cent insulin and 1 per cent 
Duponol. s29 = 2.20 X 10-8 em. per second per unit centrifugal field. 


special experiments, it was found that the presence of Duponol did not in- 
terfere with the reduction of disulfide linkages in the insulin. The sedi- 
mentation constants obtained in the several runs were 1.62 XK 10—, 1.49 
X 10°", and 1.45 X 10, respectively. The sedimentation diagrams 
which were obtained in these experiments were very similar to those ob- 
tained with the unreduced insulin, as shown in Fig. 1. Furthermore, from 
an inspection of the extent of spreading of the sedimentation curves, it was 
expected that the rates of diffusion in these cases would differ very little 
from that of the corresponding mixture of native insulin and Duponol de- 
scribed above. It was concluded, therefore, that the state of reduction of 
the insulin had rather little effect on the size of the micellar units of the 
insulin-Duponol complex when 2 per cent Duponol was employed. It was 
quite probable, however, that the apparent dissociating effect of the deter- 
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gent on the protein molecule had in some way obscured any effects which 
might have been due to reduction alone. 

In order to obtain a clearer insight into the changes which took place in 
mixtures of Duponol with the native or the reduced insulin, further studies 
were carried out in which diminishing proportions of the dispersing agent 
were employed. When the concentration of dispersing agent was reduced 
to 1.0 per cent, single, symmetrical boundaries again were obtained, as 
exemplified by the sedimentation diagrams shown in Fig. 2. The rates of 
sedimentation were higher, however, than in the runs carried out with the 
insulin in a medium of 2 per cent Duponol. This was presumably due to 
the existence of larger micelles in the present case. Thus, the complex of 
unreduced insulin with Duponol sedimented at a rate of 82.0 = 2.20 X 10-%, 
whereas the insulin preparations reduced with 0.005, 0.02, and 0.2 » 
thioglycolate yielded sedimentation constants of 2.34 & 10~-™, 2.18 x 
10-", and 2.04 X 10~", respectively. 

When the ultracentrifuge measurements were carried out with insulin in 
0.5 per cent Duponol, still higher rates of sedimentation were observed, 


In distinction to previous results, however, the sedimenting boundaries ob- | 


tained under these conditions showed a more definite change in sedimenta- 
tion rate with variation in extent of reduction. For example, the untreated 
insulin in the presence of 0.5 per cent Duponol gave a sedimentation con- 
stant of 3.51 X 10~-", while the insulin preparations reduced with 0.005, 
0.02, and 0.2 m thioglycollate yielded the significantly lower sedimentation 
rates of 2.74 K 10-", 2.57 XK 10-", and 2.42 X 10-", respectively. Fur- 
thermore, in certain cases, the sedimenting boundaries were no longer 
symmetrical as in the preceding studies. In the particular experiments 
with untreated insulin and with insulin reduced with 0.005 m thioglycolate, 
it was pcssible to resolve the sedimentation curves into two components. 
This is shown by the diagrams of these boundaries presented in Fig. 3, a 
and b. For the construction of the resolved curves, it was assumed that the 
two components consisted of one fraction possessing a sedimentation rate of 
about 2.7 * 10-™, and a second fraction with a sedimentation rate of 3.6 
< 10-". Because of the fact that there was approximately twice as much 
insulin as Duponol present in the original mixtures, the component shown 
in either of the sedimentation diagrams to be present to the greatest extent 
could be identified as being primarily protein in nature. In the case of the 
unreduced protein in the presence of Duponol, as shown in Fig. 3, a, it may 
be seen that the component present in greatest amount also was the most 
rapidly sedimenting one. With increasing extent of reduction, however, 
the rapidly sedimenting component decreased in amount and gradually 
merged with the more slowly sedimenting component. This is shown by 
the character of the sedimentation curves presented in Fig. 3, a, b, and ¢, 
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for the reduced insulin. Since the more slowly sedimenting component 
possessed in each case a sedimentation rate higher than that of Duponol 
when present alone, it represented a complex of the Duponol with break- 
down units of the protein. The effects of reduction just described might be 
explained on the basis that the cleavage of disulfide bonds had caused a 
fragmentation of the insulin molecule. However, because of the fact 
demonstrated in earlier experiments, that higher concentrations of Duponol 
effectively dispersed the unreduced insulin and the reduced insulin into 
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Fic. 3. Sedimentation diagrams of a mixture of 1 per cent insulin and 0.5 per cent 
Duponol at different stages of reduction of the insulin. (a) 8x9 = 3.51 X 107%; 
(b) 2.74 K 1075; (c) 2.57 & 107"; (d) 2.42 X 10°“ em. per second per unit centrifugal 
field. The curves shown with broken lines represent the resolution of the continuous 
curves into two component curves. The one component curve represents a sub- 
stance with 829 = 2.7 X 10~-™; the other component curve represents a substance with 


829 = 3.6 X 1073. 


subunits of about the same size, it is quite probable that the bieakdown of 
the insulin by reduction which was apparent in the present experiments 
with low concentrations of detergent was in reality due indirectly to the 
action of the detergent alone. If the detergent possessed a special affinity 
for the reduced protein, it might be expected to exert a greater dispersive 
action on this material than on the untreated protein. For reasons which 
will be discussed later, this interpretation appears to be a reasonable one. 

In further experiments, the insulin was reduced with 0.005 m thioglycolate 
in 0.2 per cent Duponol and a control run again made with untreated in- 
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sulin. Detailed experiments with higher concentrations of the thiogly. 
colate were not carried out, since under these conditions the amount of 
Duponol used, namely 0.2 per cent, was insufficient to keep the reduced 
insulin completely in solution. The sedimentation diagrams in the 
ultracentrifuge experiments which were made are shown in Fig. 4. Ab- 
normally high sedimentation rates were observed both with the untreated 
and with the reduced insulin. In the former case the sedimentation con- 
stant was 4.20 X 107%, in the latter case, 4.00 X 10~%. These findings, 
though unexpected, actually were in accord with the results of previous ex- 
periments, in so far as the micellar size of the insulin-Duponol complex 
seemed to increase with decreasing proportions of the detergent. This 
phenomenon may be explained on the hypothesis indicated earlier; namely, 
that small amounts of Duponol cause a denaturation and aggregation of the 
protein, whereas higher concentrations of the detergent effect a subsequent 
dispersion and re-solution of the aggregated particles. In the cases of the 
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Fic. 4. Sedimentation diagrams of a mixture of 1 per cent insulin and 0.2 per cent 
Duponol at different stages of reduction of the insulin. (a) 8.9 = 4.20 X 10; 
(b) 4.00 X 10- cm. per second per unit centrifugal field. 


abnormally high sedimentation rates just described, it may be assumed that 
the amount of detergent present was adequate only for dispersing the de- 
natured, aggregated protein into units of a size which was indicated roughly 
by the magnitude of the sedimentation constants. For the particular case 
of the reduced insulin, as shown in Fig. 4, b, the character of the skewness of 
the sedimentation curves suggests that the reduction of disulfide linkages in 
the insulin served as an additional denaturing and aggregating influence 
upon the protein and that the limited amount of Duponol present was even 
less adequate for dispersing the reduced protein than the unreduced protein. 

In order to determine the effect of Duponol on the sedimentation be- 
havior of other proteins, preliminary experiments were carried out with 
horse serum albumin. Native horse serum albumin has been found to 
pOSSeSs AN S29 of 4.46 K 10-" (5). A mixture of 1 per cent serum albumin’ 
in 0.5 per cent Duponol yielded on ultracentrifugation a single, fairly sym- 


8 We wish to thank Dr. Harry Svensson for putting a sample of purified horse 
serum albumin at our disposal. 
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metrical boundary with a sedimentation constant of 3.76 XK 10-%. The 
areas under the curves indicated the presence of the Duponol as well as the 
serum albumin. It appears, therefore, that the behavior exhibited to- 
wards Duponol by insulin may be common to other proteins. In this 
connection, the results of Sreenivasaya and Pirie (6) and of Smith and 
Pickels (7) also should be mentioned. The former investigators reported 
that the detergent, sodium dodecyl sulfate, caused the breakdown of to- 
bacco mosaic virus protein into fragments which were too small to be 
sedimented in the ultracentrifuge under a force of 17,000 times gravity. 
Smith and Pickels, in ultracentrifuge studies on the action of sodium 
dodecyl sulfate on the chlorophyll-protein complex obtained from spinach, 
reported a similar breakdown of protein and noted in addition that the 
detergent sedimented along with the fragments of the protein. 


DISCUSSION 


It is of interest to attempt to interpret the sedimentation and diffusion 
data in terms of the mechanism of the action of detergents in denaturing 
proteins and in dispersing the denatured proteins. Hartley (8) has ex- 
plained the dispersion of non-polar substances in aqueous solutions of 
detergents on the basis of the dissolving of the non-polar substance in the 
liquid paraffin interior of the detergent micelles. The solubility of partially 
polar, partially non-polar substances in detergents was proposed by Law- 
rence (9) to be the result of a dissolving of the non-polar portions of the 
substance in the paraffin interior of the micelles, while the polar portions of 
the solute are attracted to the hydrophilic, ionized surface of the micelles. 
Protein molecules, such as those of the insulin used in the present studies, 
would seem to fall in the latter category, since they possess both polar and 
non-polar groupings. In particular, denatured proteins, which by nature 
are more hydrophobic than native proteins, might be expected to be es- 
pecially affected by detergents. 

From Cohn’s studies of the influences of different groupings on the 
solubility of amino acids and proteins (10), one would conclude that the 
hydrophobic character acquired by proteins during denaturation results 
either from the loss of polar groups or from the gain in non-polar groups. 
Since, however, titration studies have not revealed any great differences be- 
tween denatured and native proteins with respect to content of polar acid 
and base-combining groups (11), it seems likely that the change in proper- 
ties undergone by proteins when they are denatured results primarily from 
the liberation or formation of non-polar groups, possibly by an opening up 
or unfolding of the protein molecule as suggested by Mirsky (12). Ac- 
cordingly, one might conceive of the denaturation of proteins by detergents 
as taking place in a series of steps such as the following. The detergent 
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micelles may first attract and combine with the hydrophobic groupings of 
the protein molecule. Eventually hydrophobic groupings in more inae. 
cessible parts of the native protein unit may be affected. The resulting 
forces may then cause a rupture of the protein and a severance of the normal 
bonds which maintain the native protein unit. The subunits thus formed 
may possess a preponderance of hydrophobic groupings; so that the ma- 
terial becomes water-insoluble, aggregates, and precipitates from solution, 
Larger amounts of Duponol may then cause a re-solution of the precipitate 
owing to the further combination of the Duponol with the hydrophobic 
groups of the material and the subsequent solubilizing effect of the in. 
creased proportions of attached hydrophilic sulfate radicals. As the con- 
centration of Duponol is increased, the detergent probably disperses the 
aggregated material more and more completely and combines with the 
ultimate subunits to form relatively homogeneous complexes of detergent 
with the subunits. 

The striking difference in the behaviors of the reduced and the native 
insulin under appropriate conditions of treatment with Duponol requires, 
however, a special explanation. As has been demonstrated in a previous 
investigation (1), reducing agents, as represented by thioglycollate, havea 
powerful effect in aggregating insulin and eventually rendering it insoluble 
in water. This effect was shown to be incumbent on the ability of the re- 
ducing agent to cleave disulfide linkages in the protein. From the fact that 
the reduced insulin becomes quite water-soluble in the presence of deter- 
gent, it must be concluded that there exists some sort of special attraction 
and interaction between the two substances. It appears very likely that 
the cleavage of disulfide linkages within the protein molecule leads to the 
formation of a type of altered protein which is much more non-polar than 
the type of altered protein which is formed by the simple denaturing action 
of detergent alone on the untreated protein. On this basis it would be ex- 
pected that the reduced protein would have a greater affinity for the or- 
ganophilic detergent and in turn might be more effectively dispersed by it. 
Such a mechanism would explain the finding described earlier; namely, that 
with appropriate concentrations of Duponol, the detergent appeared te 
disperse the reduced protein into smaller units than it dispersed the u- 
treated protein. Sufficiently high concentrations of detergent, on the 
other hand, could conceivably by mass action effectively disperse the un- 
reduced protein as well as the reduced protein. From the experimental 
results which were obtained with higher proportions of detergent, this 
appears to be the case. 

The unusual properties of micellar detergents may in themselves cause 
effects on sedimentation and diffusion rates not yet realized or understood. 
Because of this possibility, an alternative interpretation of the results of the 
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above sedimentation and diffusion studies should also be considered. The 
experimental finding, that mixtures of protein and detergent in certain 
proportions yield sedimentation constants intermediate between those of 
each of the component substances when sedimented in the absence of the 
other, suggests that a simple attractive force exists between the micelles of 
the two individual substances in solution. This interpretation implies at- 
tractive forces operating at appreciable distances in the solvent, whereas the 
previous interpretation was based on the assumption that complexes were 
formed due to mutual solubility effects of the detergent micelles and the 
protein. The former type of attraction would be similar, in effect, to the 
attraction between the ions of sodium and proteinate in a pure solution of 
sodium proteinate. Thus, the small, slowly sedimenting sodium ions tend 
to retard the rate of sedimentation of the large protein ions. In the case of 
the mixture of insulin and Duponol, the more slowly sedimenting detergent 
micelles might be expected to retard the sedimentation of the protein 
molecules. Furthermore, higher proportions of the detergent would cause 
a greater and greater retardation effect. With regard to the diffusion data, 
it may be noted that the diffusion constant of the mixture of 1 per cent in- 
sulin in 2 per cent Duponol was intermediate between the values given by 
each component studied singly. This result also could be expected if the 
attraction between the detergent micelles and protein molecules caused an 
accelerated movement of protein and a retarded movement of detergent. 
In the case of sedimentation and diffusion measurements with solutions of 
proteins alone, these anomalous effects are effectively eliminated by the ad- 
dition of an excess of electrolyte to the media. Precautions in this direc- 
tion have been taken in the present investigations. It is questionable, how- 
ever, whether an excess of electrolyte could prevent similar interfering 
effects during the sedimentation and diffusion of mixtures of detergent and 
protein. Therefore, until further study has established more conclusively 
that free sedimentation and diffusion may be expected under the conditions 
which have been employed, final conclusions as to the correct interpretation 
of results must be reserved. 


EXPERIMENTAL 


Partial Purification of Commercial Duponol—30 gm. of Duponol (WA 
flakes) were dissolved in 200 cc. of warm water. After the solution was al- 
lowed to stand at 16° for 24 hours, the first crop « cipitated material 
was filtered and discarded. The filtrate was then placed in the refrigerator 
and the second crop of material which separated was filtered, washed with 
cold water and acetone, and dried. 5 gm. of material were obtained. 

The partially purified material contained 42.11 per cent carbon, 7.44 
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per cent hydrogen, 13.06 per cent sodium, and 18.62 per cent sulfur! The 
partial specific volume, V, was found to be 0.76.5 A sample of pure sodium 
dodecy] sulfate,? more recently studied, was found to have a partial specific 
volume of 0.87. On the assumption that the alkyl sulfate present in the 
purified Duponol was best represented by chain lengths of 12 carbon atoms, 
the values for carbon, hydrogen, sodium, and partial specific volume indj- 
cated the presence of 15 to 20 per cent impurity in the form of sodium 
sulfate. The high sulfur value indicated the presence of other sulfur-con. 
taining impurities of unknown nature. 

The refractive index increment for the partially purified Duponol was 
measured in an Abbé refractometer and found to be approximately 1,] 
x 10°. 

Preparation of Mixtures of Insulin and Duponol—For the sedimentation 
and diffusion studies on mixtures of Duponol with native or reduced insulin, 
the solutions were made up according to the general procedure described in 
a previous paper (1), with the exception that the desired proportion of 
Duponol was incorporated in the mixtures. A stock solution containing 
10 per cent of the partially purified detergent was employed for this pur- 
pose. 

Sedimentation Measurements—The determinations of rates of sedimenta- 
tion were carried out in an oil-driven ultracentrifuge at a speed of 65,000 
R.P.M. Observations of the sedimenting boundaries were made by the 
Lamm scale method (13). The temperature within the rotating centrifuge 
cell during the various runs was around 25°. A medium of 0.2 lithium 
chloride was used for all sedimentation measurements in order to minimiz 
the interfering influence of electrical charges on the movement of the 
colloidal particles. 

In calculations of the sedimentation rates of the mixtures of insulin and 
Duponol, no corrections were applied for the effects of the detergent on the 
specific gravity or viscosity of the medium. This procedure was adopted 
because of the fact that the detergent sedimented with the protein and 
therefore would not be expected to exert any effects for which corrections 
would be required. These corrections, even if applied, however, would be 
quite small and would not alter the results significantly. 

The value for the refractive index increment given above for the Duponol, 
namely 1.1 X 10-*, together with the appropriate value reported pre 
viously for insulin (1), was used for the estimation of the theoretical areas 
under the various sedimentation curves which were obtained. On the 


‘ The elementary analyses were carried out by Dr. A. Elek, The Rockefeller Insti- 
tute, New York. 

5 The authors wish to thank Dr. C. Drucker at the Institute of Physical Chemistry, 
Upsala, for making the measurements of partial specific volume. 
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average, the measured areas represented about 80 per cent of the calculated 
areas. The loss was accountable, in part at least, by the presence of non- 
sedimenting impurities present in the Duponol preparation. 

Diffusion Measurements—Diffusion measurements were carried out at 
90° in the metal diffusion cell and by the refractometric method as de- 
scribed by Lamm (13). A medium containing 0.2 m lithium chloride was 
employed in all experiments for the reasons indicated above. Calculations 
of the diffusion constants were made by the method of ‘successive anal- 
ysis” (13). 

In the particular diffusion experiments carried out with Duponol alone, 
it was found that there was no significant variation with different concen- 
trations of the Duponol. At the same time, however, duplicate determina- 
tions at any given concentration often gave irregular results. Lamm and 
Hégberg (14) have observed that in the cases of ordinary soaps it was neces- 
sary to allow the solutions to stand for some time at the desired concentra- 
tion before diffusion measurements were made, and also that still better 
results were obtainable when a given concentration of the diffusing sub- 
stance on the one side of the boundary was placed opposite a lower con- 
centration of the same substance on the other side of the boundary. We 
therefore allowed our solutions to stand for 24 hours before making diffu- 
sion runs, and, by using 0.5 per cent Duponol on the one side of the bound- 
ary and 1.0 per cent on the other side, or 0.2 per cent on the one side and 
0.7 per cent on the other, obtained diffusion constants of 10.4 10-7 and 
10.7 X 1077 sq. em. per second, respectively. The results from these runs 
fell inside the extreme values obtained in the previous runs. 


SUMMARY 


Ultracentrifugation and diffusion studies have been carried out on native 
and reduced insulin preparations in various concentrations of the com- 
mercial detergent, Duponol. Preliminary investigations on the Duponol 
alone revealed that the detergent existed in aqueous solution in the form of 
micelles, possessing a micellar weight of around 12,500. 

In studies with mixtures of 1 per cent native insulin in the presence of 2 
per cent Duponol, it was found that the two substances existed in close as- 
sociation with one another to form a new substance, an insulin-Duponol 
complex. The complex possessed a micellar weight of about 27,600, which 
indicated that the original insulin molecule had undergone a dissociation 
into subunits. With preparations of reduced insulin in the presence of the 
same proportion of detergent, essentially the same results were obtained. 
It was concluded, therefore, that under the conditions of these experiments 
the state of reduction of the insulin had no appreciable effect on the size of 
the micellar units of the insulin-Duponol complex. It was pointed out, 
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however, that the apparent dissociating effect of the detergent on the pro- 
tein may have obscured any effeets which might have been due to redue- 
tion alone. 

In further studies carried out with diminishing proportions of the de- 
tergent, complexes of ever increasing size were obtained. From this and 
certain qualitative results which were described, it was concluded that smal] 
amounts of the detergent caused a denaturation and aggregation of the 
insulin and that higher concentrations of the detergent caused a redispersion 
and dissociation of the denatured protein. The extent of dissociation of the 
protein thus appeared to depend directly on the proportion of detergent 
present. In further distinction to results obtained with | per cent insulin 
in the presence of 2 per cent Duponol, it was found that, with lower concen- 
trations of the detergent, the reduced insulin showed a greater affinity for 
the detergent than did the unreduced protein, with the result that at certain 
concentrations of the Duponol the detergent effectively dissociated the 
reduced insulin into smaller units than it was able to dissociate the un- 
treated protein. This was explained on the hypothesis that the insulin ae- 
quired during reduction of its disulfide linkages a particularly strong non- 
polar character; so that its affinity for the non-polar portion of the detergent 
was thereby enhanced. The fact that higher concentrations of detergent 
could effectively dissociate the reduced and native proteins into units of ap- 
proximately the same size was explained on the basis of the effect of mass 
action of the detergent. 

Because of the possibility that the unusual properties of micellar deter- 
gents might in themselves cause effects on sedimentation and diffusion rates 
not vet realized or understood, another interpretation of the experimental 
results also was presented and discussed briefly. 
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QUANTITATIVE INVESTIGATIONS OF AMINO ACIDS AND 
PEPTIDES 


IX. SOME PHYSICAL PROPERTIES OF [(—)-HISTIDINE* 


By MAX 8S. DUNN, EDWARD H. FRIEDEN, M. PALMER STODDARD, anv 
HAROLD V. BROWNf 


(From the Chemical Laboratory, University of California, Los Angeles) 
(Received for publication, March 23, 1942) 


The investigation of some physical properties of amino acids, undertaken 
in the authors’ laboratory, has been extended in the present report to l(—)- 
histidine. The solubility and specific rotations of /(— )-histidine were es- 
tablished by methods which differ somewhat from those employed pre- 
viously with /(—)-leucine (1). Studies were made of the variation of 
specific rotation with temperature, concentration of solute, and character of 
the solvent. 


Preparation of Purified Natural l(—)-Histidine 


100 gm. of commercial /(—)-histidine monohydrochloride monohydrate! 
were dissolved in 125 ml. of boiling water and 85 ml. of concentrated am- 
monium hydroxide were added to the solution. Crystallization of the 
histidine began as the solution cooled. When the temperature of the 
solution reached 50°, 100 ml. of 96 per cent ethanol were added and the 
mixture was allowed to stand overnight in the refrigerator. The sus- 
pension was filtered and the crystals were washed free of chloride with 96 
per cent ethanol. The histidine, recrystallized from water with the aid of 
ethanol and dried overnight in air, contained less than 0.05 per cent 
moisture determined by drying the product to constant weight in a partial 
vacuum at 75°. 


Purity of Purified Natural l(—)-Histidine 


Nitrogen Analysis—The nitrogen values were low and inconsistent when 
determined by a conventional Kjeldahl method. Vickery? has shown that 


* Aided by grants from the University of California, the Rockefeller Foundation, 
and Merck and Company, Inc. For the preceding paper in this series, see Stoddard 
and Dunn (1). Some of the material in this paper is taken from a thesis submitted 
by Edward H. Frieden in partial fulfilment of the requirements for the degree of 
Master of Arts in the Graduate School of the University of California, Los Angeles. 
The authors are indebted to Dr. C. D. Coryell for helpful suggestions. 

t Present address, Fitzsimmons Hospital, Denver, Colorado. 

‘ Purchased from A. D. Mackay, New York. 

* Private communication from Dr. H. B. Vickery, Connecticut Agricultural Ex- 
periment Station, New Haven, Connecticut, November, 1941. 
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nitrogen in histidine may be determined quantitatively by Kjeldah| 
analysis if a mercury catalyst and an 8 hour digestion period are employed, 
This information was not available at the time of the authors’ experiments, 

Equivalent Weight—The perchloric acid titration procedure of Harris (2), 
as modified by Toennies and Callan (3), was first used. Glacial acetic acid 
was purified by fractional distillation and crystallization of the commercial 
99 per cent product. The fraction boiling at 116-117° was recrystallized 
until the freezing point was 16.5°, the density at 20° was 1.0497, and the 
equivalent weight was 100.4 per cent of the theoretical value. Acetic acid 
solutions of perchloric acid were prepared by adding to 65 per cent aqueous 
perchloric acid solution a quantity of redistilled acetic anhydride exactly 
equivalent to the water present and diluting the mixture with purified 
glacial acetic acid. The end-point of the perchloric acid titration 
of amino acids with crystal-violet indicator is unsatisfactory unless the 
water content of the acetic acid is less than 0.2 per cent. Under anhydrous 
conditions the color changes from dark green to light green and thence to 
yellow are sharp and reproducible with high precision. 

The 0.2 N perchloric acid-acetic acid solutions were standardized against 
analytically pure glycine. The precision and accuracy of the method were 
found to be 100.6 + 0.3 per cent in analyses of analytically pure dl-serine; 
dl-phenylalanine,’ and dl-valine.* All volumetric apparatus was calibrated 
for acetic acid delivery. 

In the perchloric acid titration of histidine, which has not been applied 
previously to the analysis of this amino acid, it is necessary to add an excess 
of the perchloric acid and titrate back with standard glycine solution. This 
procedure, described by Toennies and Callan (3), is necessary, since histi- 
dine forms a monoperchlorate and diperchlorate, the former being only 
slightly soluble in glacial acetic acid. It was found that histidine may be 
analyzed with fair precision and accuracy by the perchloric acid back titra- 
tion technique. The purity of the purified /(— )-histidine was shown to be 
100.13 per cent (average of six determinations with a probable error of the 
mean of 0.14) by the analysis of six samples ranging in weight from 0.0911 
to 0.1418 gm. 

The behavior of the basic amino acids in the formol titration has been 
investigated by Levy (4) who concluded that values about 7 per cent high 
are obtained with histidine under optimum conditions. The present 
authors’ finding that the location and sharpness of the end-point vary with 
the concentration of formaldehyde is in agreement with the observation of 


* Amino Acid Manufactures, Lot No. 8, A. P. grade. 
* Amino Acid Manufactures, Lot No. 6, A. P. grade. 
’ Amino Acid Manufactures, Lot No. 12, A. P. grade. 
* Amino Acid Manufactures, Lot No. 9, A. P. grade. 
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Levy. ‘The maximum sensitivity (maximum value of AE/AV’ at the end- 
point of the titration) occurs at 0.3 M formaldehyde concentration. Under 
these conditions the apparent equivalent weight of histidine is 100.9 + 
0.1 per cent of the theoretical value. Adjustment of the pH of the amino 
acid solution to any given value is unnecessary in the titration. 

Criteria of Optical Purity—The solubility of 1(—)-histidine in water was 
measured with large and small excesses of solute. Under these conditions, 
the presence of d(+ )-histidine, dl-histidine, or other amino acids would be 
revealed by significant differences in the solubility values provided that 
mixed crystals were not formed. 

Samples of the purified /(— )-histidine which were 7 per cent and 150 per 
cent in excess of the accepted solubility’ (4.29 gm. per 100 gm. of water at 
25° (5)) were placed in separate oil sample bottles. 40 ml. of distilled water 
were added to each bottle, the solutions were warmed to 50°, and the bottles 
were tightly stoppered and rotated in a thermostat at 25.10° + 0.05°. At 
intervals, samples of each solution were drawn from the bottles by means of 
a5 ml. pipette equipped with a cotton filter. Each solution was trans- 
ferred to a weighed Petri dish and evaporated to constant weight at 95°. It 
was assumed that equilibrium had been attained when the weight of resid- 
ual solid in successive 5 ml. volumes was constant. The solubility values 
found, 4.091 and 4.104 gm. per 100 gm. of solution, differ by only 0.34 
per cent. 

In a second series of determinations solubility was measured by formol 
titration with the glass electrode. In calculation of the solubility values 
from the experimental data account was taken of the observation, referred 
to previously in this report, that the apparent weight of histidine de- 
termined by formol titration is 100.9 per cent of the theoretical value. The 
corrected solubility values found with small and large excesses of solute, 
4.115 and 4.127 gm. per 100 gm. of solution, differ by only 0.29 per cent. 
The average of the solubility values determined by the gravimetric and 
titrimetric methods, 4.098 and 4.121 gm. per 100 gm. of solution, differ by 
only 0.56 per cent. 

In another method employed to establish the degree of purity of the 
purified /(—)-histidine, advantage was taken of the effect which any im- 
purity would have on the specific rotation of a given sample of the histidine. 
The specific rotation of a sample (A) of the purified 1(— )-histidine was de- 
termined at 25°. 3 gm. of this material were shaken at 35-40° with 25 
ml. of distilled water and the suspension was rotated for 4 days in a thermo- 
stat at 25°. The suspension was filtered and the precipitate was washed 


’The change in voltage per unit change in volume of base. 
* The value, 4.19 gm. per 100 gm. of water at 25°, given by Dunn et al. (5), is in 
error. 
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with ethanol and dried in air. The specific rotation of this materia] 
(Sample B) was measured at 25°. The specific rotation of Sample A was 
—38.87° (t = 25.0°, ¢ = 2.670, 1 = 4.000 dm., \ = 5893 A.,a = —4.151°) 
and that of Sample B was —38.78° (t = 25.0°, ¢ = 2.671, 1 = 4.000 dm.,, 
A = 5893 A., a = —4.143°). The specific rotation values of the two 
samples differ by only 0.23 per cent. 

The extent to which impurities, other than amino acids which have es- 
sentially the same rotation in water as /(— )-histidine, may be detected by 
this procedure is indicated by the following experiment with a mixture con- 
taining 99.6 per cent /(—)-histidine and 0.4 per cent dil-histidine. The 
latter substance was prepared by racemizing /(—)-histidine according to 
the method of du Vigneaud and Hunt (6). <A purified suspension of un- 
dissolved material was obtained as described in the preceding experiment, 
The specific rotation of the original mixture was —38.45° (¢ = 25.0°, 
ec = 2.670,1 = 4.000 dm., A = 5893 A.,a = —4.106°) and that of the puri- 
fied suspension was —38.72° (¢ = 25.0°, ¢ = 2.672, 1 = 4.000 dm., A = 
5893 Aa = — 4.138°). These rotations differ by 0.69 per cent. It may be 
concluded from this experiment that /(—)-histidine and dl-histidine prob- 
ably do not form mixed crystals and that the presence of 0.4 per cent, and 
probably a smaller percentage, of dl-histidine in /(—)-histidine may be de- 
tected by the polarimetric method. 


Variation of Specific Rotation of l(—)-Histidine with Temperature, Concen- 
tration of Solute, and Character of Solvent 

A 0.01° Schmidt and Haensch polarimeter, a 4.000 dm. water-jacketed 
polarimeter tube, and a General Electric sodium vapor lamp were used to 
determine optical rotations. pH measurements were made with a Beck- 
man pH meter. It was found by qualitative spectroscopic analysis that 
practically all of the light from the sodium lamp was emitted at 5893 A, 
with one faint line in the green and one in the red. ‘The temperature of the 
water in the jacket of the polarimeter tube ranging from 0-80° was regulated 
within 0.05-0.5° by circulating water through an ice and water bath, a ther- 
mostat, or a hollow porcelain wire-wound rheostat. Fogging of the end 
plates of the polarimeter tube, which occurred when water near 0° was cit 
culated through the water jacket, was prevented by directing a jet of dry air 
against each end plate. Temperatures were measured with three ther 
mometers of suitable ranges, calibrated against a Bureau of Standards 
thermometer. 

Carbon dioxide-free aqueous solutions of /(— )-histidine were prepared by 
successive dilutions of a standard solution. Absolute ethanol was pre- 
pared by a standard procedure and its water content was determined by the 
paraffin oil method (7). Methanol, acetone, and dioxane were purified by 
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ial fractional distillation and their water content estimated from their densi- 
‘88 | ties. None of these solvents contained more than 0.1 per cent water. In 
I") preparing the solutions used in the polarimetric studies, the solvent was 
Ns | transferred to a volumetric flask by means of a burette or a weight pipette, 




















TABLE I 
a. Specific Rotation in Water of l(—)-Histidine As Function of Concentration of Solute 
ee Temperature | (Obneved optical | a) f 
n- 
he gm. <. degrees | degrees 
to 3.770 24.90 —5.904 | —39.20 
“a 2.290 25.00 —3.647 | —38.80 
1.882 24.97 —2.941 —39.05 
It. 1.128 25.00 ~1.714 | ~39.01 
°, 0.941 25.00 —1.465 —38.85 
r- 0.752 25.02 —1.169 —38.80 
he 3.826 0.47 —6.573 —42.90 
3.065 0.47 —5.360 —43.70 
b- 2.296 0.41 —3.967 —43.20 
nd 1.913 0.47 ~3.281 —43.00 
e- 1.529 0.49 —2.617 —42.75 
1.147 0.49 —1.966 —42.90 
0.765 0.42 —1.308 —42.90 
2. 0.383 0.46 —0.641 —41.85 
TaBLe II 
“ Specific Rotation in Water of l(—)-Histidine As Function of Temperature 
0 eS — 
be | ere | <(colteper tem | | Desay ot | tampuratare |= lohservedent| tals 
: gm. gm. | %. degrees | degrees 
” 0.551 0.552 1.002 | 18.4 —0.9022 |  —40.8 
he 0.551 0.551 1.000 | 22.9 —0.881 39.9 
ad 0.551 0.551 1.000 | 23.4 —0.861 39.0 
r- 0.551 0.549 0.996 | 35.7 —0.827 —37.7 
d 0.551 0.547 0.992 44.2 —0.799 | — 36.5 
0.551 0.542 0.984 63.9 —0.768 —35.4 
: 0.550 0.537 | 0.97 | 78.8 —0.761  —35.4 
} hstuisemmnanendl 





r | the required volume of standard histidine solution was added, and the flask 
Is | \as filled to the mark with carbon dioxide-free water. 
The experimental data are shown in Tables I to VII. 


y 
» DISCUSSION 
1e It would appear that the authors’ purified /(—)-histidine contains less 


Y | than 0.5 per cent of amino acids and other impurities and that the physical 
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data reported for this amino acid are accurate within a small percentage of 
probable error. The solubility of /(—)-histidine at 25.10° + 0.05° was 
shown to be 4.110 + 0.012 gm. per 100 gm. of aqueous solution and 4.28% 
+ 0.013 gm. per 100 gm. of water. No solubility data with which to com. 
pare these figures could be found in the literature. 

The average specific rotations of /(—)-histidine in water (Table I) were 
shown to be —38.95° (0.06°, probable error of the mean) at 25.00° + 0.02° 
and —43.05° (0.08°, probable error of the mean) at 0.46° + 0.03°. The 


Taste IIT 
Specific Rotation Data for l(—)-Histidine in Water at 25° * 


Sater | ‘neome Tae | = terateptc! | tat, | init? | Beara 
gm. dm. <. degrees degrees degrees a 
2.08 0.5 20 —0.40 —38.46 | —37.32 15 
3.234 2.0 20 —2.57 —39.27 | —38.12 16 
0.775 2.0 20 —39.3 —38.16 17 
3.55 1.0 20 —1.40 —39.44  —38.30 15 
2.30 2.0 26 —1.75 ~-38.1 — 38 .33 18 
2.22 0.5 20 —0.44 —39.65 —38.51 15 
2. 4.001 24.0 —3.121 —39.01 —38.81 t 


0.752-3.770 4.000 25.0 | —1.169 to —5.904 —38.95 -—38.95 This paper 


* The specific rotation, la]> = —40.70° (c = 3.898, 1 = 1, a = —1.45°), was re. 
ported by Bergmann and Zervas (23) in 1928. This paper was not found until after 
the present manuscript was in the proof form. It is apparent that the /(—)-histidine 
used by these investigators was of high purity and that the specific rotation, —40.34° 
(corrected to 25°), is higher than the value —38.95° found by the present authors. 
It may be assumed, however, that the specific rotation of Bergmann and Zervas’ 
histidine may have been as low as —38.97° (at 25°) if the maximum probable error 
in the observed rotation, —1.45°, were 0.05°. It is of interest, also, that an [a]p = 
—39.74° (lL = 6, ¢ = 3.183, a = —7.59°) for /(—)-histidine was reported by Kossel 
and Kutscher (24) in 1899. The reliability of this value is uncertain, however, 
since neither the chemical purity of the /(—)-histidine sample nor the temperature 
at which the observed rotation was measured was stated. 

t Dunn, M. 8., and Stoddard, M. P., unpublished results. 


most reliable data in the literature for the specific rotation of /( — )-histidine 
in water are given in Table III. The specific rotations reported by these 
investigators were corrected to 25° with the aid of the temperature co 
efficients, given in Table VI, which were derived from the data recorded in 
Table II. 

It may be observed that, in every case, the values reported by the authors 
cited are smaller than that found in the present study. It is of further in- 
terest that (with the exception of the first value, —37.32°) —38.45° is the 
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average of all of the listed specific rotations. It is evident, therefore, that 
the accuracy of all of these values is relatively high and that /(— )-histidine 
of high purity is readily prepared by the fractional crystallization pro- 
cedures commonly employed in the isolation of this amino acid from protein 
hydrolysates. 

It may be shown that the observed optical rotations given in Tables I, 
IV, and V of /(—)-histidine in water, 42 weight per cent ethanol, and 6 N 
hydrochloric acid fall on, or very close to, straight lines relating a and gm. of 


TaBie IV 
Specific Rotations of l(—)-Histidine in Aqueous Solutions of Organic Solvents 


a (observed 





| p (solute ¢ (solute Oumnnic | Dieialte fi DD " b t 
Solvent suns)” | Suton)” | efvent | solution’ | ature” | ,optial, | lap 
_ a es ‘a 
gm. gm. Py °C. | degrees | degrees 
Ethanol | 1.004 | 0.920 | 42.3 | 0.916 | 25.00 | —1.485 | —40.35 
0.803 0.736 | 42.1 | 0.916 | 25.00 —1.200 | —40.70 
0.610 0.551 | 42.1 0.904 | 25.00 | —0.904 | —41.00 
| 


0.813 0.750 42.1 0.923 0.80 | —1.300 | —43.40 


| 
| 
0.403 | 0.368 | 42.2 | 0.913 | 25.00 | —0.601 | —40.85 
0.608 0.561 42.1 0.923 | 0.80 | —0.980 | —43.60 


0.403 0.374 42.2 | 0.928 0.80 | —0.653 | —43.65 
0.573 0.551 20.0 | 0.962 | 25.05 | —0.860 | —39.00 
0.578 0.561 20.0 0.971 | 1.00 | —0.955 | —42.50 
Methanol 0.574 0.557 24.2 0.970 | O.7 | —1.011 | —45.45 
0.572 0.553 24.2 0.967 | 17.8 | —0.949 | —42.45 
0.572 | 0.551 24.2 | 0.963 | 25.0 | —0.923 | —41.85 
0.572 0.551 24.2 | 0.963 | 25.3 | —0.912| —41.40 
0.572 0.547 24.2 0.957 | 39.7 —0.861 | —39.32 
0.572 | 0.545 24.2 0.953 | 57.1 | —0.837 | —38.35 
0.573 0.540 24.2 0.943 | 70.9 | —0.824 | —38.10 
Acetone 0.594 0.551 41.9 0.928 | 25.0 —0.968 | —43.92 
0.504 0.558 41.9 | 0.940 0.85 | —1.093 | —49.00 
Dioxane 0.540 0.551 28.4 1.020 | 25.0 1.155 | ~52.45 


0.540 0.555 28.4 1.028 0.75 —1.259 —56.60 


solute per 100 ml. of solution in plots of these data. It may be concluded 
from this observation, as well as by an inspection of the data in these tables, 
that the specific rotation of /(—)-histidine does not vary materially with 
different concentrations of solute under the stipulated conditions. 

It has been reported that the specific rotations of other amino acids are 
similarly unaffected by changes in concentration of solute. The amino 
acids investigated include /(—)-cystine in orthophosphorie acid, trichloro- 
acetic acid, and 0.5 to 2.5 m hydrochloric acid (Andrews (8)), /(+)-arginine 
in water at the isoelectric pH, hydrochloric acid, and sodium hydroxide 








TABLE V 
Specific Rotations of l(—)-Histidine in Acid Solutions 
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| 
¢ (solute é (solute | Moles 4, @ (ob- lal! 
Solvent ‘er ~ 4 p os ‘per 100 | acid tem- served | (specific Series ‘ 
| mi, Solu | solu- gm. moss | beta") = rote- rota- in! 
tion) tion) solution) | histidine | ture tion) tion) 
euler, | incest Nal : 's _ii 
| gm. gm. °C. | degrees | degrees (\ 
6.08 Nn HCl | 1.0064|1.0986| 0.9160 | 93.1 |24.8|+0.537|+13.34] A (c varied at | (l 
ae 1.525 (1.1000) 1.386 | 61.0 24.8)/+0.815)+13.36) constant ha 
—" ~ 4.0533/1.1059) 3.6653 | 22.6 (24.8)+2.159/+13.32 temperature an 
and acid ac 
| concentra- lin 
tion) 
6.08 “ “ | 1.540 /1.1108) 1.386 | 61.0 | 0.5,+0.547| +8.88] B (¢ varied a | 7 
6.08 “| 1.531 1.1044) 1.386 | 61.0 |15.0/+0.709/+11.58) constant» in 
6.08 “ “ | 1.525 j1. 1000) 1.386 © 61.0 /24.8/+0.815|+13.36 and acid 
| Cine: © ye 0956 1.386 | 61.0 35.1 +0.923)/+15.20| concentra- be 
—_— 1.512 /1. 0912) 1.386 61.0 |45.1/+1.016/+16.80) tion) | 
0.63 “ “ | 9.726 |1.0309) 9.4345 | 1000/24 .8|-+0. 282 +0.73) C, (e varied at ” 


.000'24.8/+0.287) +2.39] constant co 
.000) 24.8) +0.150) +2.54 temperature se] 
.000)/24.8/+0.065 +2.92) and molal} jn 
.000' 24.8 +0.021) +3 ratio of acid so 
| to histidine) 
29 24.8/+1.199) +2.42) C2 (ec varied at | 
.29 |24.8|4+1.023) +3.59] constant ac 
ui 
x 


0.239 “ “ | 3.705 |1.0105) 3.6659 | 
0.095 “ “ | 1.475 1.0021) 1.4718 | 
0.0359 “ “ | 0.55710.9992) 0.5574 
0.0136 “ “ | 0.2104/0.9981) 0.2108 


— 


1.026 “ ‘(12.367 |1.0589)11.678 
0.592 “ “ | 7,1271/1.0326| 6.9018 
0.335 “ “| 4.032 |1.0271) 3.9257 
0.143 “ “| 1.7184)1.0060) 1.7082 
0.0548 “| 0.6562)1.0007| 0.6558 


29 |24.8\+0.718! +4.45} temperature} Va 
29 |24.8/+0.369| +5.37| and molal] sh 
.29 |24.8/+0.145) +5.52| ratio of acid | gp 

to histidine) ff 
29 |24.8\+1.199) +2.42] D (c and acid | 


— eee et 


1.026 “ ‘ /|12.367 |1.0589)11.678 








2 
i " * 4.69131.0226 4.5878 1.76 24.8/+1. 600] +8.53} concentra- 80 
0.344 “ “| 1.7873)1.0006| 1.7704 2.99 |24.8/+0.852/+11.92} tion varied | me 
0.272 “ “ | 0.6658)1.0159| 0.63836, 6.34 24.8,+0.342\+12.83] at constant | ac 
0.245 “ “| 0.2526/1.0027, 0.25191, 15.0 24.8/+0.126|+12.44)  tempera- 25 
| ture) tra 
0.097 1.50 1.00 24.8, +0.163) +2.71| E* (acid con- 
0.140 1.50 1.29 [24.8/+0.319) +5.32] centration wa 
0.324 1.50 3.13 (24.8,+0.721/+12.02} varied at } the 
| 1.003 1.6395 1.0203) 1.6069 | 9.37 24.8)/+0.834/+12.72| constant ¢ | hy 
1.51 1.5033 1.0760 1.3971 | 46.0 24.8/+0.815.+13.55| and temper | ch) 
6.08 1.525 1.1000, 1.386 61.0 |24.8|+0.815/+13.36) ature) : 
8.0 “ “ | 1,5003/1.1337, 1.3234 | 80 24.8 +0.661|+11.01 
10.0 1.53131.1719, 1.3066 100 (24.8 +0.432) +7.05 we 
4 0.594 MH,SO, 1.5126/1.0391) 1.456 | 6.04 (24.8 +0.838/+13.85) F (acid con | Str 
2.14 “ “ | 1.606 1.1324) 1.418 | 20.4 |24.8/4+1.016/4+15.82} centration tril 
4.63 “ “ | 1,492 (1.2650) 1.179 | 47.6 |24.8/4+1.063/4+17.81| varied at} agi 
9.04 1.539 |1.4885) 1.034 | 90.1 | 24.8/+0.982/+15.95) constant ¢ ons 
4.40“ 1.496 (1.7338) 0.8628 148 —'24.8|+0.890|414.87] and temper- 
x adiaaah acl 
ature) 
— rot 
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TaBLE V—Concluded 


* The values +2.71, +5.32, and +12.02 and their dependent data were derived by 
interpolation from curves relating the figures given in Series C,, C2, and D. 


(Miller and Andrews (9)), /(+)-glutamic acid in hydrochloric acid (Pertzoff 
(10)), and /(+-)-lysine in hydrochloric acid (Lawrow (11)). On the other 
hand, Pertzoff (10) found that the specific rotation of /(+)-glutamic acid in 
an alkaline medium is linear in respect to the concentration of the amino 
acid, while that of /(+-)-aspartic acid in both acid and alkaline media is 
linear with respect to the square root of the concentration of the amino acid. 
This dissimilar behavior of amino acids which resemble each other so closely 
in other respects is unexpected. 

By comparable investigations with solutes other than amino acids, it has 
been shown that the specific rotations of certain optically active sugars, 
esters, and alcohols exhibit definite concentration effects, especially at high 
concentrations of solute. This phenomenon is illustrated by the ob- 
servation of Clough (12) that there is a change of several hundred per cent 
in the specific rotation of l-methyl lactate over a concentration range of 
solute of 5 to 100 per cent. 

The specific rotations at 25° of 1(—)-histidine in 0.01 to 1 Nn hydrochloric 
acid solutions containing acid and histidine in a molal ratio of about 1:1 
vary with respect to the concentration of the amino acid. It may be 
shown, however, by curves derived from plots of the data given in Table V, 
Series C, and C2, that this relationship is not linear. These concentration 
effects must necessarily be explained on some basis other than ionic dis- 
sociation, since there is negligible change in the proportion of the dicationic, 
monocationic, and zwitter ionic species. From a consideration of the 
acidic dissociation constants, pK, = 1.77 and pK, = 6.10, of histidine at 
25° and the curve (derived from the data in Table VII) relating the concen- 
tration of histidine monohydrochloride and pH of its aqueous solution, it 
may be calculated that the percentage distribution of total histidine among 
the three ionic species is 98.8, 0.6, and 0.6 in 0.626 m /(—)-histidine mono- 
hydrochloride and 98.6, 0.4, and 1.0 in 0.0645 m l(—)-histidine monohydro- 
chloride for the monocation, the dication, and the zwitter ion, respectively. 

It is noteworthy that the observed concentration effects of /(— )-histidine 
occur only in dilute hydrochloric acid solutions of widely varying ionic 
strength. In water, histidine exists primarily as the zwitter ion which con- 
tributes little to the ionic strength of the solution, while, in concentrated 
acid solutions, histidine is present almost entirely as the dication whose 
contribution to the ionic strength of the solution is masked by that of the 
acid. Further experiments on the influence of inorganic salts on the specific 
rotations of amino acids, suggested by these conclusions, are to be under- 
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taken. An interpretation of the interesting data on the specific rotations of 
l(—)-histidine at varying concentrations of hydrochloric acid and sulfurie 
acid, given in Table V, Series E and F, is to be presented elsewhere. 

The specific rotations of 1(—)-histidine (Table IV) in 42.2 per cent eth- 
anol, 24.2 per cent methanol, 41.9 per cent acetone, and 28.4 per cent 
dioxane are all different, even though these solvents have identical dielee- 
tric constants. It would appear, therefore, that the rotation of /(— )-histi- 
dine in solvents other than water is influenced inappreciably by the 
dielectric constant. On the other hand, the authors’ experiments are con- 
sistent with the observation of Lowry (13) that the specific rotations of a 
number of optically active solutes in a series of solvents appear to be de- 
pendent upon the dipole moment of the pure solvent. The present authors 
have found that the specific rotations of /(—)-histidine increase linearly 


Taste VII 
pH of Aqueous Solutions of l(—)-Histidine Monohydrochloride* 








Histidine monohydrochloride pH 
moles per |. 
0.600 3.95 
0.191 4.00 
0.153 4.01 
0.122 4.01 
0.061 1.01 
0.0305 4.02 
0.0158 4.09 
0.0079 4.21 
0.000 6.60 
*Amino Acid Manufactures, /(—)-histidine monohydrochloride monohydrate 


Lot No. 5, A. P. grade 


with the decreasing average solvent dipole moments which were calculated 
from the dipole moments and the mole fractions of the components of the 
mixed solvents. 

The rotation of /(—)-histidine in aqueous solutions of acetone is not in 
harmony with the foregoing observation. From a consideration of the 
polarity of acetone (u = 2.48), it would be expected that the specific rota- 
tion of 1(—)-histidine in 42 per cent acetone solution would be considerably 
less than that in water. It was assumed that this apparent abnormality 
might be explained by a reaction of histidine with acetone analogous to 
that of this and other amino acids with formaldehyde. In order to test this 
hypothesis, the rotation of /(—)-histidine in water as a function of acetone 
concentration was measured by the apparatus and technique described in 
Paper VII of this series (14). It was found, however, that the rotation of 
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histidine decreases regularly as acetone is added to its aqueous solution. 
Although there is no evidence from this experiment of complex formation, 
it cannot be regarded as settled that optical activity of amino acids is not a 
function of solvent polarity. An effect similar to that observed in the 
present experiments was reported by Clough (12) who found that the rota- 
tion of l-methyl aspartate in benzene, chloroform, methanol, and water de- 
creased regularly, while the rotation in acetone was similar to that in 
chloroform. 

According to Lowry (13), concentration effects are explained by the 
orienting influence of the optically active molecules of the solute upon one 
another. Since maximum orientation of molecules occurs in the solid 
(crystalline) state, it may be inferred that the rotations exhibited by in- 
creasing concentrations of an optically active solute in different solvents 
should approach the same value. The observation that there is no ap- 
preciable change in the specific rotation of certain amino acids with vary- 
ing, but relatively low, solute concentration may be explained if there is 
negligible interaction between solute molecules. 

Pertzoff (10) advanced the view that concentration effects are due to 
variations in the electrical field of the solvent, resulting from changes in the 
effective molar volume of the solute. That the latter is a function of glu- 
tamic acid and aspartic acid concentrations was demonstrated by Pertzoff 
who observed that the maximum change in the molar volume and in the 
optical rotation with concentration occurs with the ion, *NH;R(COO-)>. 

The effect of temperature upon the specific rotation of amino acids has 
been studied by a number of workers. The results of these investigations 
are summarized in Table VI. The temperature coefficients at 15°, 20°, 25°, 
30°, and 40° were determined by interpolation of curves derived from plots 
of the data given by the authors cited. It is of interest that temperature 
coefficients of the amino acids are both positive and negative, increase and 
decrease in magnitude with increasing temperature, and (with the excep- 
tion of the large value, —2.04, for 1(—)-cystine) range from —0.042 to 
+0.308 at 15° and +0.034 to —0.187 at 40°. 


SUMMARY 


1. It has been shown that /(—)-histidine of 99.5 per cent or higher purity 
may be prepared by the fractional crystallization from water and alcohol of 
material isolated by standard methods from protein hydrolysates. 

2. The solubility of /(— )-histidine at 25.10° + 0.05° is 4.286 + 0.013 gm. 
per 100 gm. of water. The specific rotation (J 4 dm. and \ 5893 A.) of 
l(—)-histidine® in water is —38.95° + 0.06° at 25.00° + 0.02° (c 0.752 to 


* The value +39.01°, given by Dunn et al. (5) as the specific rotation of 1(—)- 
histidine in water at 25°, is in error. 
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3.770) and —43.05° + 0.08° at 0.46° + 0.03° (c 0.765 to 3.826) and in 6.08 
N hydrochloric acid is +13.34° + 0.02° at 24.80° + 0.05° (c 1.0064 to 


4.053). 

3. The specific rotation of /(—)-histidine in water, aqueous ethanol, 
and 6 N hydrochloric acid does not vary materially with different 
concentrations of solute. In 0.01 to 1 N hydrochloric acid solutions at con- 
stant molal ratio (1:1) of acid to solute, the specific rotation of /(— )-histi- 
dine is dependent upon the concentration of the solute, although the fune- 


tion is not linear. 

4. The specific rotations of /(—)-histidine in solvents other than water 
have been found to be dependent upon the dipole moment, but not the 
dielectric constant, of the solvent. 

5. Temperature coefficients of /(—)-histidine and certain other amino 
acids have been compared. 

6. Hypotheses advanced to explain the described physicochemical be- 
havior of /(—)-histidine have been discussed. 
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THE FATE OF DIETARY SERINE IN THE BODY OF THE RAT* 


By DeWITT STETTEN, Jr. 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, May 13, 1942) 


The discovery that phosphatidylserine is a normal component of certain 
cephalins (1, 2) suggested the present investigation of the relationship of 
dietary serine to the various nitrogenous bases that occur in phosphatides. 
In a previous report (3), the metabolic interrelations of ethanolamine, 
choline, glycine, and betaine were studied by feeding each of these sub- 
stances, labeled with isotopic nitrogen, to rats under standard conditions, 
and determining the isotopic composition of the ethanolamine and choline 
which were obtained from the phosphatides of their bodies. It was shown 
that ethanolamine and choline were rapidly incorporated into the body 
phosphatides and that ethanolamine was continuously and rapidly methyl- 
ated to choline, under the conditions of the experiment. This latter reac- 
tion has since been shown to proceed unimpaired even under conditions of 
diet which might, a priori, have been supposed to be unfavorable (4). 

The present feeding of isotopic serine was conducted under conditions 
in all respects similar to those of the earlier report (3), and the analytical 
figures obtained are therefore comparable with those previously published. 
In the feeding of an isotopic metabolite, it is always desirable to isolate the 
substance fed from the tissues of the animal. The difficulties of isolating 
serine from the small amounts of material available were circumvented by 
the collection of the ammonia liberated from suitably purified materials 
by the action of periodate, which reaction appears to be characteristic of 
vicinal hydroxyamino compounds (5). Thus, in working up the nitrog- 
enous compounds obtained on hydrolysis of the mixed body phosphatides 
of the rats that had been fed isotopic serine, after extraction of ethanol- 
amine and choline from CaO (6), 21 mg. of N remained unextracted, and 
this material was fairly rich in isotope. As acids in general should resist 
extraction from CaO by organic solvents, any of the unextracted N that 
might be liberated by periodate may be assumed to arise from serine. 
About 4 mg. of N were so obtained and proved to be much richer in isotope 
than any other fraction of the phosphatides, which was taken to support 
the assumption that it was indeed serine nitrogen. 

The isotope content of this fraction indicates that at least 6 per cent of 


* This work was carried out with the aid of a grant from the Josiah Macy, Jr., 
Foundation. 
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all the serine present in the phosphatides was derived from the serine of 
the diet. The figure actually must have been somewhat higher, as the 
isotopic serine fed was diluted by serine present in the casein of the diet, 

That serine may be decarboxylated biologically has been previously 
suggested (1,7). This idea finds support in the present observation of an 
appreciable concentration of isotope in the ethanolamine of the phospha- 
tides. The analytical figure indicates that at least 2.6 per cent of all the 
ethanolamine in the phosphatides was formed by the decarboxylation of 
dietary serine. If the serine decarboxylated was of the same isotopic 
composition as that isolated from the phosphatides, 100(2.6/6.0) or 43 per 
cent of all the ethanolamine present in the phosphatides was prepared in 
this fashion in 3 days. These figures are the same order of magnitude as 
those previously reported for the conversion of glycine to ethanolamine 
under similar conditions (3). 

The fact that the serine fraction, in the present experiment, had a higher 
concentration of N® than the ethanolamine is taken to disprove the possi- 
bility suggested by Folch and Schneider (1) that ethanolamine might be 
nothing but a postmortem artifact, resulting from the decarboxylation of 
phosphatidylserine after death. Such a hypothesis would require that 
the serine and ethanolamine have identical isotopic composition. 

The finding of isotope in the choline from the phosphatides is not sur- 
prising in view of the previously established methylation of ethanolamine. 
The choline isolated in the present experiment was somewhat less than half 
as rich in N“ as the ethanolamine, a finding in close agreement with that 
previously reported when ethanolamine labeled with heavy nitrogen was 
fed (3). 

In comparing the metabolic pathways of d- and /-leucine, Ratner, Schoen- 
heimer, and Rittenberg (8) observed that the biologically abnormal isomer 
contributed more of its nitrogen to the urine and less to the body proteins 
than did the normal /-leucine. Further, they showed that, when d-leucine 
labeled with N' was fed, the urinary ammonia was exceptionally rich 
in isotope. In the present feeding of dl-serine, the relatively large amounts 
of isotope excreted in the urine and the small amount retained in the organ 
proteins may similarly be due to the body’s inability to operate economi- 
cally upon the d isomer. The high isotope concentration in the urinary 
ammonia may also be ascribed to d-serine (9), but no particular significance 
can be attached to the urinary “serine” fraction, as there was perceptible 
spillage of food into the urine bottles. 

In order to determine whether there was incorporation of dietary serine 
into the organ proteins, the ammonia liberated by periodate was analyzed. 
It was of course recognized that this nitrogen was not derived exclusively 
from serine. If milk proteins be taken as characteristic of mammalian 











a 


_ 


Le 





D. STETTEN, JR. 503 


proteins in general, fully half of this material may have been derived from 
threonine (10); so that, had pure serine been isolated, it would probably 
have been found to contain twice as high an isotope concentration as the 
mixed “hydroxyamino acids” that were actually analyzed. 

The possibility that the 3-carbon chain of cystine might be derived from 
serine has been clearly stated by Toennies (11). This idea is also implicit 
in the recent results of du Vigneaud and collaborators who showed that the 
unsymmetrical thio ether S-(8-amino--carboxyethyl) homocysteine served 
as a source of cystine in the intact animal (12) and as a precursor of cysteine 
in the presence of liver slices (13). Cystine isolated in the present experi- 
ment from the organ proteins of rats fed serine had an isotope content 5 per 
cent of that in the serine fed and 5 times as high as that of the glutamic 
acid isolated from the same source. This concentration of N¥ is too high 
to be accounted for by transamination and indicates that the 3-carbon 
chain of serine is more or less directly converted to cystine in the body of 
the rat. It is particularly gratifying to us to learn that Binkley and du 
Vigneaud (14) have detected essentially the same conversion in the presence 
of liver slices. 

EXPERIMENTAL 


Preparation of Isotopic dl-Serine—Ethy] phthalimido acetate was prepared 
from isotopic potassium phthalimide according to the method of Schoen- 
heimer and Ratner (15) and the product hydrolyzed under the conditions 
suggested by these authors. Glycine was not isolated as such but was 
directly esterified with ethanol in the presence of dry HCI (16) after re- 
moval of water. Glycine ethyl ester hydrochloride was benzoylated by 
refluxing with benzoy! chloride in dry benzene (17) and the ethyl hippurate 
recrystallized from ether-petroleum ether. M.p. 59-61°. 

Ethyl hippurate was condensed with formic ester and the product re- 
duced with aluminum amalgam in wet ether, without intermediate isola- 
tion, according to the procedure of Erlenmeyer and Stoop (18). N-Ben- 
zoylserine ethy! ester was crystallized from benzene by addition of petro- 
leum ether. The product melted sharply at 80°. Serine was liberated by 
hydrolysis with 7 per cent HCI and, after removal of benzoic and hydro- 
chlorie acid, was precipitated from water by addition of ethanol. The 
glistening white platelets were filtered off and washed with ethanol. 


C;H;NO;. Calculated, N 13.3; found, N (Kjeldahl) 13.3; N“ = 1.985 atom % excess 


Feeding Experiment—The same basal diet was used in this experiment 
as in those previously reported (3). Each of three male adult rats, average 
weight 252 gm., was fed 15 gm. of basal diet + 1.5 mm of isotopic dl-serine 
per day for 3 days. In this period there was an average weight gain of 
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5 gm. The rats were killed and their bodies worked up essentially as in 
the previous study. Only innovations in the procedure will be given here, 

The urines from each day were pooled and aliquots taken for total N, 
ammonia, and urea determination (19). Recrystallized dixanthydry] urea 
was prepared for isotope analysis. ‘‘Serine’’ N was determined by titration 


TaBLe | 

Isotopic Composition of Substances Isolated 
Three adult male rats were fed 1.5 mm of isotopic dl-serine per rat per day for 3 
days, equivalent to 189 mg. of Ninall. The isotope content of the fractions analyzed 
was computed on the basis of 100 atom per cent in the serine fed, and on this basis the 
analytical error of the N“ determinations is about +0.15 per cent.* The N™ content 
of the serine fed was 1.985 atom per cent excess. 


— — - - —__—__—__ 


| Total 








Source of compound Compound isolated aihocnsn N*® content | —— _" 
| | me. | atom per cent* | mg. 
Urine, Ist day | Total N | 679.0 | 3.0 | 204 
eh fen | oe | 752.0 | 3.5 | 26.3 
i. fa o « | 669.0 | 7 | Cae 
“ 3rd “ | Urea | 567.0 3.0 17.0 
= 3rd “ / Ammonia 31.9 | 29.2 9.3 
“oe.” | ‘“‘Serine’’t 73 i \@8 4.9 
Total phospha- | Total N | 41.8 2.5 1.0 
tides Ethanolamine | 2.6 | 
Choline it 
Unextracted Nf 21.3 | 2.5 | 0.5 
“‘Serine’’t 3.9 | 60 | 6s 
Organ proteins Total N | 1995.0 | 1.2 | 23.9 
Glutamie acid 1.0 | 
Cystine | 5.1 | 
Amide N 1.9 
“Hydroxyamino acids”’t | 2.4 


' 


atom N® in compound isolated 
FS . ——— 160. 





* The values tabulated = — - - 
atom % N" in serine fed 


t The material analyzed was the NH; liberated by the action of periodate after 
removal of preformed NHs3. 

t The material analyzed was the water-soluble residue that remained on CaO after 
ethanolamine and choline had been extracted with ether and ethanol respectively. 


of the ammonia liberated by the action of periodate (20), after removal of 
preformed ammonia. This same ammonia evolved on periodate oxidation 
was employed for isotope analysis. 

The mixed body phosphatides of the rats were isolated as before (3) 
and further purified by an additional acetone precipitation from petroleum 
ether solution. After acid hydrolysis the water-soluble fraction was de- 
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ited on CaO, from which ethanolamine and choline were successively 
extracted as before with ether and ethanol (6). The nitrogenous material 
that resisted extraction from CaO was shaken out with water, calcium ion 
being removed by treatment with oxalic acid. That fraction of the 
nitrogen that is designated ‘‘serine”’ in Table I is the portion of the unex- 
tracted N that was liberated as ammonia after oxidation by periodate. 

The cuprous mercaptide of cysteine was isolated from the proteins of 
the internal organs according to Graff, Maculla, and Graff (21). Copper 
was removed as the sulfide and the cysteine oxidized by aeration in slightly 
alkaline solution. On concentration and acidification with acetic acid, 
cystine precipitated out and was once recrystallized. Although it was 
still not ash-free, analysis of a trial run indicates that it was not contam- 
inated with extraneous nitrogen. 


CsHi.N,O.8:. Calculated, S 26.7, N 11.7; found, 8S 25.3, N 11.0; S:N = 1.004 


A neutralized aliquot of the protein hydrolysate was treated with potas- 
sium carbonate and the amide ammonia was aerated into acid. The 
residue was then treated with periodate and the liberated NH; was desig- 
nated “hydroxyamino acid” N in Table I. 

Other isolations were carried out as in the previous report (3). 


SUMMARY 


dl-Serine, containing N“, has been prepared and fed to rats in small 
amounts for 3 days under standard conditions of diet. Dietary serine has 
been shown to be incorporated as such into the body phosphatides and the 
proteins of the organs. 

Evidence is presented for the decarboxylation of serine to give ethanol- 
amine in the animal body. 

From the finding of a very high isotope content in the cystine isolated 
from the proteins of the organs, it is concluded that the carbon chain of 
serine is converted into cystine in the body of the rat. 


The author wishes to thank Mr. I. Sucher for the isotope analyses in- 
cluded in the present report. 
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THE FORMATION OF CYSTEINE FROM HOMOCYSTEINE AND 
SERINE BY LIVER TISSUE OF RATS* 


By FRANCIS BINKLEY ano VINCENT pu VIGNEAUD 
(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, May 13, 1942) 


Previous communications from this laboratory have presented evidence 


that the unsymmetrical thio ether, //-S-(8-amino-6-carboxyethyl)homoeys- 
_teine (cystathionine),' may serve in lieu of cystine for the growth of rats 
_ (2) and that an enzyme is present in the liver capable of cleaving the thio 
_ ether to yield cysteine (3). Brand, in his original suggestion (4) regarding 


this thio ether as an intermediate in the formation of cystine from methio- 
nine, visualized the addition of homocysteine to aminoacrylic acid or its 
peptides with subsequent cleavage of the thio ether so formed. The 
hypothesis of an intermediate thio ether formation was in contrast with 
that of Nicolet (5) who suggested that H.S was split from homocysteine 
and was added to aminoacrylic acid to form cysteine. Toennies (6), on 
the other hand, suggested that methionine, through addition to serine, 
formed the methy] sulfonium derivative of the S-(6-amino-8-carboxyethy])- 
homocysteine, which, by removal of methyl alcohol followed by cleavage, 
would yield cysteine. 

If the thio ether were the true intermediate between methionine and 
cystine, it seemed to us that it might be possible to bring about the con- 
version of homocysteine to the thio ether by allowing liver tissue of rats 
to act on a mixture of homocysteine plus a compound which might reason- 
ably be expected to yield aminoacrylic acid. Since rat liver contains a 
system capable of cleaving the thio ether to cysteine, as we have already 
shown, formation of the thio ether would thus lead to the production of 
cysteine from homocysteine. Consequently, dl-homocysteine and dl- 
serine were shaken anaerobically for 2} hours with slices of rat liver. 
Considerable extra cystine was found to be present in the neutralized, 


* This project was supported in part by a grant from Eli Lilly and Company to 
whom the authors wish to express their appreciation. 

Through a private communication from Dr. Stetten, it was learned that he had 
obtained results which afford complementary and independent proof of this finding 
that serine is involved in cysteine synthesis. His results are presented in the accom- 
panying paper (1). 

‘This thio ether will undoubtedly be the subject of various investigations and 
because of the cumbersomeness of the chemical name we suggest cystathionine as 
its common name. 
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aerated trichloroacetic acid filtrate of the digest. In later experiments ag 
much as 3.6 mg. of cysteine were found to be produced from 10 mg, of 
dl-homocysteine. When homocysteine without added serine was treated 
under these same conditions, only a very small production of cysteine wag 
observed to have taken place. Apparently a precursor for the carbon 
chain of the cysteine to be formed must be made available. 

When pyruvic acid and ammonia, which may be considered in equilib. 
rium with aminoacrylic acid, were tried with homocysteine under the same 
conditions as with the serine, no cysteine production beyond the contro] 
levels could be detected. The possibility therefore arises that serine may 
react directly with homocysteine to form the thio ether instead of first 
being converted to aminoacrylic acid. This question should be readily 
answerable by proper labeling of the serine with deuterium, a type of 
approach we now have under way. 

A saline extract prepared from rat livers had almost the same ability 
to produce cysteine from homocysteine and serine as the liver slices, 
When the digestions with either saline extract or liver slices were carried 
out in an atmosphere of oxygen, the amount of cysteine produced was 
greatly diminished. 

In the present experiments with homocysteine as well as in the earlier 
experiments with the thio ether (3), strongly positive tests for the presence 
of hydrogen sulfide were obtained at the end of the digestion periods. 
Cyanide in a concentration of 0.01 m has been shown to inhibit the pro- 
duction of hydrogen sulfide from cysteine (7). Cyanide has also been 
utilized in the studies of the enzymatic cleavage of the thio ether (3) and 
it was found that hydrogen sulfide production was inhibited with little if 
any decrease in cysteine production. In the present series of experiments 
cyanide was found to inhibit hydrogen sulfide production but did net 
appreciably decrease the amount of cysteine produced from the homo- 
cysteine. 

d-Homocysteine was found to be ineffective in leading to the formation 
of cysteine by liver tissue. d-Serine likewise failed to yield appreciable 
amounts of extra cysteine when used in place of the di-serine. It may be 
pointed out that when dl-homocysteine and dl-serine were used the cystine 
isolated from the digest was found to have the / configuration. Ap- 
parently the isomers of the d configuration cannot be used to any great 
degree by liver tissue for the production of cysteine. On the other hand, 
Dyer and du Vigneaud (8) have shown that the d and / isomers of homo- 
cysteine are of equal efficacy in the replacement of cystine on a cystine- 
deficient diet. 

When methionine was treated in the same manner as the homocysteine, 
little or no cysteine was produced. It would therefore appear that homo- 
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cysteine under these conditions was considerably more effective than 
methionine. Obviously, homocysteine, to go to cysteine, does not have 
to go by way of methionine as would be the case if the Toennies theory were 
correct. Thus the results are consistent with the view that the demethyla- 
tion of methionine to homocysteine is an intermediary step in the conver- 
sion of methionine to cysteine. This result favors the theory of Brand, or 
a slight modification thereof, rather than that of Toennies for the mechan- 
ism of cysteine formation from methionine. 


EXPERIMENTAL 


The experiments with homocysteine were conducted in much the same 
manner as those reported with the mixed thio ether (3). The homocy- 
steine and serine were dissolved in 25 cc. of Krebs-Ringer solution (9). 
In the early experiments 40 mg. of dl-homocysteine were used with 50 mg. 
of di-serine and 300 to 400 mg. of liver tissue (dry weight). In later ex- 
periments the amount of dl-homocysteine was reduced to 20 mg. and finally 
tol0mg. ‘The yield of cysteine from the smaller amounts of homocysteine 
was much higher. 

Liver slices were used in most of the experiments presented here. A 
saline extract prepared from fresh rat liver had almost the same activity 
as the liver slices in cysteine production but no further attempt has been 
made to purify the enzyme or enzymes involved. Anaerobic conditions 
(an atmosphere of 95 per cent nitrogen and 5 per cent carbon dioxide) were 
used in these experiments. 50 mg. of dl-serine were added to each digest. 
Cystine was determined in the neutralized, aerated, trichloroacetic acid 
filtrates by the method of Sullivan and Hess (10). The results of a series 
of experiments are given in Table I. 

Samples digested for 2} hours under an atmosphere of 95 per cent oxygen 
and 5 per cent carbon dioxide contained only 0.9 mg. of cysteine when 20 
mg. of dl-homocysteine were used or 0.6 mg. of cysteine when 10 mg. of 
dl-homocysteine were used with added serine. Samples digested anaerobi- 
cally for 2} hours with no added serine contained an average of 0.3 mg. of 
cysteine. The amounts of liver used in these control experiments were of 
the same order of magnitude as with the examples recorded above. 

The digestion of 20 mg. of dl-homocysteine with 50 mg. of dl-serine and 
370 mg. of liver tissue in the presence of 0.01 m NaCN led to the production 
of 2.6 mg. of cysteine. This value is only slightly lower than with those 
digests containing no cyanide and, therefore, little or no inhibition of the 
enzyme or enzymes must have occurred. Hydrogen sulfide production 
was completely inhibited. Pyruvic acid and ammonia were ineffective in 
promoting cysteine production from homocysteine. 

Since the homocysteine and the serine used in these experiments were 
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both of the di modification, it became important to determine whether the 
d isomers are capable of entering into the reactions. In a representative ex. 
periment 50 mg. of d-serine and 10 mg. of dl-homocysteine were digested 
with 290 mg. of liver slices for 2} hours. Only 0.7 mg. of cystine was found 
to be present in the filtrate. In another experiment the filtrate from the dj- 
gestion of 10 mg. of d-homocysteine with 50 mg. of di-serine and 340 mg. 
of liver tissue for 2} hours contained a total of only 0.4 mg. of cystine. 


TABLE I 
Cysteine Produced from Homocysteine and Serine by Liver Tissue 
50 mg. of di-serine were present in each digest. The temperature of incubation 
was 38°. 


Cysteine HS 


Experiment Liver dry Amount of di- Time : 
No. weight homocysteine produced production 
mg. mg. hrs. me. ‘ 

I4 370 40 2 2.3 p++ 
15 340 40 2} 2.0 +++ 
Y2 320 40 2} 2.4 +++ 
Y3 300 10 2 2.3 +++ 
Z2 420 40 2} 2.4 +++ 
Z3 340 40) 2} 2.4 +++ 
AB2 370 20 l ee ++ 
AB3 360 20 l 1.6 + 
Zl 340 20 2} 3.1 +++ 
Z5 350 20 2} 2.9 +++ 
AB4 310 20 5 4.1 +++ 
AB5 370 2) 5 4.3 +++ 
ACI 340 20 10 5.0 +++ 
AC2 320 20 10 5.1 +++ 
AC3 420 10 l 1.4 ++ 
AC4 370 10 l 1.7 > 
AC5 360 10 2} 3.0 tet 
AFI 320 10 2} 3.1 +++ 
AF2 320 10 2} 3.1 +++ 
AF3 330 10 5 3.4 ++? 
AF4 320 10 5 3.6 +++ 


In order to determine the optical properties of the cysteine formed from 
the homocysteine, the specific rotation of cystine isolated from a digest 
was measured. 250 mg. of dl-homocysteine and 1.5 gm. of dl-serine dis- 
solved in 250 ce. of Krebs-Ringer solution were digested 12 hours with 30 ce. 
of a saline liver extract in the presence of 0.01 m NaCN and under an at- 


mosphere of nitrogen and toluene. About 90 mg. of cystine were indicated | 


in the filtrate by the Sullivan method. The cuprous mercaptide of cysteine 
was precipitated by the addition of cuprous chloride. ‘The cuprous mercap- 
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tide was decomposed with hydrogen sulfide. The hydrogen sulfide was 
removed from the filtrate by aeration and the cysteine was oxidized with 
0.01 N iodine solution. 49 mg. of material were recovered from the solu- 
tion by isoelectric precipitation. The Sullivan method indicated a 90 
per cent content of cystine. The Folin-Marenzi method as modified by 
Kassell and Brand (11) indicated a 99 per cent content of disulfide calcu- 
lated as cystine. The presence of a small amount of some disulfide com- 
pound other than cystine, probably homocystine, was thus indicated. 32 
mg. of the material dissolved in 5 ce. of 1 N HCl gave a specific rotation 
value of [a]?” = —195°. 

The experiments with methionine were performed in a manner exactly 
analogous to those with homocysteine. The filtrates from the digestion of 
10 mg. of /-methionine and 50 mg. of dl-serine for 2} hours with 300 + 20 
mg. of liver tissue contained an average of 0.4 mg. of cystine. Samples to 
which no methionine was added contained 0.3 mg. of cystine. These re- 
sults on methionine under these conditions in which homocysteine was 
effective were repeatedly confirmed. Further experiments are under way 
to see whether conditions can be altered in liver slice experimentation to 
bring about higher yields of cysteine when methionine is employed. 


SUMMARY 


The conversion of a mixture of homocysteine and serine to cysteine by 
liver tissue of rats has been demonstrated. In the absence of serine only 
slight cysteine formation was observed to have taken place. Homocysteine 
was found to be far more effective than methionine. The possible signifi- 
cance of these findings in conjunction with the biological behavior of the 
unsymmetrical thio ether, ll-S-(8-amino-8-carboxyethyl)homocysteine (cys- 
tathionine), has been discussed. 
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ADIPIC ACID AS AN OXIDATION PRODUCT OF THE DIAMINO- 
CARBOXYLIC ACID DERIVED FROM BIOTIN* 


By KLAUS HOFMANN, DONALD B. MELVILLE, ann VINCENT 
pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, May 7, 1942) 


In recent communications we have established the molecular formula as 
well as the nature of the functional groups of biotin (8-5). We now wish 
to report experiments which give information regarding the carbon skeleton 
of this compound. The diaminocarboxylie acid, CyH;s0.N28, which we 
had obtained by the treatment of biotin with Ba(OH), at 140° served as the 
starting material. This compound upon oxidation w'th alkaline potassium 
permanganate at room temperature was found to yield an ether-soluble 
acidic oxidation product which crystallized from ether in small prisms and 
melted at 152-153°. This product was identified as adipic acid by the 
neutral equivalent, by a mixed melting point, and by the preparation of 
the diamide and the di-6-naphthylamide. The quantity of adipic acid 
that we were able to isolate in pure form from the oxidation products 
amounted to about 20 per cent of that theoretically possible. Adipic acid 
was also obtained in a somewhat higher yield by oxidation of the diamino- 
carboxylic acid with nitric acid. The isolation of the same compound 
under both these oxidizing conditions minimizes to a great extent the 
possibility of a rearrangement to an intermediate which could have yielded 
the adipic acid. Thus the consistent formation of adipic acid as an oxida- 
tion product of biotin may be interpreted in one of two possible ways. 
Either biotin contains an aliphatic side chain which is capable of yielding 
adipic acid or the latter has its origin in a cyclic structure which is cleaved 
by the oxidation. In the first case one of the carboxyl groups of the adipic 
acid must be the carboxyl group originally present in biotin, and it should 
therefore be possible, by the oxidation of a derivative of the diamino- 
carboxylic acid in which the carboxyl group has been eliminated, to decide 
between the two alternatives. After several attempts by other methods 
the objective was achieved by a Curtius degradation. In this way the 
carboxyl group was replaced by an amino group. Biotin methyl ester was 


* Preliminary reports of this work have been published (1, 2), The authors wish 
to express their appreciation to the 8S. M. A. Corporation for a research grant which 
has aided greatly in this work. They also wish to thank Mr. W. O. Frohring and the 
Research Staff of the S. M. A. Corporation and Dr. R. Major and the Research 
Staff of Merck and Company, Inc., for supplies of biotin. 
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converted into the hydrazide, CygH)s02N«8. When the calculated amount 
of nitrous acid was added to this in dilute HCl, a rather stable azide wag 
formed which, when dissolved in absolute ethanol and boiled for 2 hours, 
was transformed into the corresponding ethyl urethane, Ci2.H2:0;N;§, 
The further breakdown of the urethane was performed in two ways. 

The first route was the complete hydrolysis with strong Ba(OH), which 
led to the triamine, CsHigN3S, characterized as the sulfate, the tripie- 
rolonate, and the tribenzoyl derivative. 

The second route was a stepwise degradation first with strong HCl to 
the monoamine, CyH,;ON;8, followed by the drastic Ba(OH), treatment 
to the triamine, CsH)9N38, which was identical with the triamine above, 
Evidently the alkaline hydrolysis opens the urea ring and cleaves the 
urethane group to yield the triamine; the acid treatment, however, splits 
the urethane selectively, without affecting the urea ring, to give the mono- 
amine. The latter corresponds to biotin with the carboxyl group replaced 
by an amino group. Subjection of this compound to alkaline treatment 
opens the urea ring to yield the triamine. 

The triamine was subjected to the same oxidation procedures which we 
employed for the oxidation of the diaminocarboxylic acid. In the first 
experiment 10 mg. of the triamine were oxidized with nitric acid. No indi- 
cation of the presence of adipic acid among the ether-soluble oxidation 
products was observed. A repetition of the experiment on the same 
amount of material led to a similar result. Under the same conditions 
adipic acid had been readily isolated after the oxidation of similar amounts 
of the diaminocarboxylic acid. 

Finally when more material became available, 50 mg. of the triamine 
sulfate were oxidized with potassium permanganate under the same condi- 
tions employed in the oxidation of the diaminocarboxylic acid. Here 
again no trace of adipic acid could be detected in the ether-soluble oxidation 
products, although the amount of adipic acid which might have been 
formed from the relatively large amount of triamine used would have made 
its isolation and identification comparatively easy. The absence of adipic 
acid in isolable amounts among the oxidation products of the triamine 
therefore affords substantial evidence that one of the carboxy! groups of 
the adipic acid formed by oxidation of the diaminocarboxylic acid is 
identical with the original carboxyl group of biotin. This means in effect 
that the 6-carbon moiety giving rise to adipic acid upon oxidation is not 
present in biotin as a cyclic structure, but indicates the presence of an 
aliphatic acid side chain in biotin which is capable of yielding adipic acid 
on oxidation. The possible interpretation of these findings and other data 
previously published (1, 3-7) with respect to the structure of biotin has been 
discussed in the preliminary note (2) and will not be repeated here. 
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EXPERIMENTAL 

Oxidation of Diaminocarborylic Acid with Nitric Acid—10 mg. of the 
diaminocarboxylic acid sulfate were dissolved in 1 cc. of nitric acid (sp. gr. 
1.42). After the first vigorous reaction the solution was heated on the 
steam bath for 1 hour and was then evaporated to dryness in vacuo. The 
residue was taken up in | ee. of water and was evaporated to dryness again, 
this process being repeated twice to free the products from excess nitric 
acid. The residue was then continuously extracted with ether for several 
hours. The ether extracts were washed with a small amount of water, 
were dried over sodium sulfate, and were evaporated. The resulting 3 mg. 
of acids were washed with a few drops of ether and were purified by sublima- 
tion in vacuo (100°, 0.01 mm.). The sublimate was recrystallized from 
ether and yielded 1 mg. of short prisms melting at 152—153°. No depres- 
sion of the melting point was observed when this material was mixed with 
a sample of pure adipic acid. 

Oxidation of Diaminocarborylic Acid with Barium Permanganate—20 mg. 
of the diaminocarboxylic acid sulfate were dissolved in 2 ec. of water and 
1.2 cc. of 0.1 N Ba(OH), and were oxidized at room temperature by adding 
dropwise 1.8 cc. of 0.1 M barium permanganate. The solution was kept 
at room temperature overnight and the MnO, was removed by filtration 
and was washed repeatedly with hot water. The clear filtrate was con- 
centrated to a small volume in vacuo, was acidified to Congo red with 
x H.SO,, and was extracted with ether for several hours. 3 mg. of crude 
acids, melting at 120—-130°, were obtained from the ether extract. The 
acids were purified by sublimation in vacuo and the fraction subliming at 
80-100° (0.01 mm.) was further purified by crystallization from ether. 1 
mg. of short prisms melting at 152-153° was obtained. The substance 
gave no depression of the melting point when mixed with a sample of pure 
adipic acid. 

Diamide of Adipic Acid from Biotin—1 mg. of adipic acid from biotin 
was transformed into its acid chloride by treatment with 5 drops of thionyl 
chloride. The acid chloride was distilled in vacuo and the distillate was 
mixed with a solution of ammonia in water. After standing for 10 minutes 
the solution was evaporated to dryness and the residue was washed with 
ice water. The latter was then sublimed at 150—160° (0.01 mm.). The 
purified material melted at 224-226°, with a change at 210° from short 
prisms to long needles. A sample of adipic acid amide prepared in the 
same manner from authentic adipic acid behaved exactly as described for 
the product from biotin and a mixture of the two compounds showed no 
depression of the melting point. 

Di-8-naphthylamide of Adipic Acid from Biotin—1 mg. of the acid was 
transformed into the acid chloride as described and this was coupled with 
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purified 6-naphthylamine in ether. The ether was evaporated and the 
crystalline residue was transferred to a filter with N HCl and was washed 
with N HCl and water. The material was further purified by crystalliza- 
tion from glacial acetic acid, followed by sublimation in vacuo at 255° 
(0,01 mm.). The pure material melted at 267-268° and likewise showed a 
transformation from prisms to needles at 240-250°. No depression of the 
melting point was observed when this compound was mixed with a sample 
of authentic adipic acid di-8-naphthylamide, which melted at 267-268° 
and showed the change from prisms to needles at 250°. 

Oxidation of Diaminocarborylic Acid with Alkaline Potassium Perman- 
ganate—50 mg. of the diaminocarboxylic acid sulfate were dissolved in 2 
ec. of N NaOH and to this solution was added dropwise with stirring a § 
per cent solution of potassium permanganate until the violet color remained 
for 10 minutes. The reaction mixture was then heated on the steam bath 
for 10 minutes to destroy the excess permanganate, the manganese dioxide 
was removed by filtration, was washed with hot water, and the filtrate was 
acidified to Congo red with concentrated HCl. The acidic aqueous solu- 
tion was then extracted for 48 hours with ether and from the ether extract 
17 mg. of crude acids were obtained. From the above acids it was possible 
to isolate 4 mg. of adipic acid, m.p. 147—150°, by crystallization from ethyl 
alcohol. From the mother liquors 1 mg. more of adipic acid was obtained. 
The adipic acid was converted into its di-8-naphthylamide as described and 
7 mg. of pure di-8-naphthylamide melting at 266-267° were obtained. 

CoH y»O.N2. Calculated. C 78.76, H 6.10 
(396.45) Found. ** 78.88, ‘* 6.03 


Biotin Hydrazide—20 mg. of biotin methy] ester and 0.5 cc. of hydrazine 
hydrate were heated in a sealed tube at 130° for3 hours. The clear solution 
was then evaporated to dryness in vacuo and the crystalline residue was 
washed with methanol and ether. 19 mg. of material melting at 237-239° 
were obtained which on recrystallization from water gave clusters of prisms 
which melted at 238-240°. 


CoH, s0.N,8. Calculated. C 46.50, Hi 7.02, N 21.68 
(258.3) Found. ‘* 46.82, ‘‘ 7.09, ‘‘ 21.88 


Ethyl Urethane, C2,H2,0;N;S—52 mg. of biotin hydrazide were dissolved 
in 0.5 ec. of N HCl and the solution was cooled with ice. To this was added 
0.4 ec. of a solution containing 200 mg. of NaNO, in 5 ec. of water and the 
solid precipitate of the azide was collected, was washed with ice water, and 
was dried over P,O; at room temperature. The dried azide (39 mg.) was 
boiled for 2 hours with 5 ce. of absolute ethanol and the solution was then 
evaporated to dryness in vacuo. 40 mg. of crude urethane were obtained 
which sintered at 165° and melted at 171-176°. 10 mg. of the compound 
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were purified by sublimation at 165-170° (0.01 mm.). The sublimed 
material melted at 188-190°. 

CisH0N38. Calculated. C 50.16, H 7.37, N 14.62 

(287 .4) Found. ** 50.53, “* 7.64, “ 14.19 

Preparation of Amine Hydrochloride, CyH,,ON3S-HCl—66 mg. of crude 
urethane were dissolved in 3 ec. of concentrated HCl and the solution was 
heated on the steam bath for 2 hours. The dark brown solution was then 
evaporated to dryness in vacuo and the residue was taken up in water 
and evaporated again to free it from excess HCl. The material was then 
taken up in 2 ce. of water, was decolorized with a small amount of char- 
coal, and the clear solution was evaporated to dryness in vacuo. The 
crystalline residue was purified by crystallization from dilute ethanol. 32 
mg. of needles melting at 265-270° with decomposition were obtained. 
From the mother liquors another 10 mg. of material were obtained which 
melted with decomposition at 260—-270°. 

CoH,;ON;S-HCI. Calculated. C 42.95, H 7.20, N 16.68, Cl 14.03 
(251.74) Found. “© 43.15, “* 7.17, “* 16.80, ‘* 14.20 

Triamine, CsH,gN3S—The sulfate of the triamine was prepared from the 
amine hydrochloride. 12 mg. of the latter were hydrolyzed in the usual 
manner with Ba(OH)s. 11 mg. of the triamine sulfate were obtained 
which melted at 249-252° with decomposition. 

(CsH,9N3S)2-3H.SO,-2H.0. Calculated. N 11.85, 8 22.62 
(708.81) Found. ** 11.57, “‘ 22.74 

The sulfate of the triamine was also obtained from the urethane. 39 mg. 
of the urethane were hydrolyzed with Ba(OH), and the reaction product 
isolated as described for the preparation of the diaminocarboxylic acid 
sulfate. The 35 mg. of sulfate obtained could be crystallized from a mix- 
ture of water and methanol. The pure material melted at 249-252° with 
decomposition. 

The picrolonate of the triamine, CsHigN38, was prepared by mixing an 
aqueous solution of the sulfate with a saturated solution of picrolonie acid. 
The yellow picrolonate, which decomposed at 250°, was purified by crystal- 
lization from aqueous ethanol. 


CsHygNs8-3C,oHsO;Ny. Caleulated. C 46.49, H 4.41, 8 3.27 
(981.8) Found. ** 46.19, ** 4.50, “3.14 


The tribenzoy! derivative of the triamine was prepared as follows: 10 mg. 
of the triamine sulfate were dissolved in 1 cc. of water and were benzoylated 
by shaking with an excess of benzoyl chloride and N KOH. The oily tri- 
benzoyl derivative that separated was extracted with chloroform. The 
chloroform solution was washed with N KOH, 2 xn HCl, and water, was 
dried over sodium sulfate, and was evaporated to dryness. The tribenzoyl 
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derivative was obtained as clusters of prisms which when crystallized from 
methanol and ether melted at 194~-195°. 


C29H3,0;N38. Calculated. C 69.44, H 6.23, N 8.37 
(501.6) Found. ** 68.99, ** 6.41, “* 8.01 


The tribenzoyl derivative was also prepared from the picrolonate. 22 
mg. of the picrolonate were dissolved in 15 cc. of hot water, the solution wag 
acidified to Congo red with dilute HCI, and the picrolonate was decomposed 
with wool. The wool was separated and was washed repeatedly with hot 
water and the filtrates and washings were concentrated to a volume of 1 ce, 
in vacuo. The solution was then benzoylated as described above and the 
benzoyl derivative isolated and crystallized. 5 mg. of benzoyl] derivative 
were obtained, which melted at 194-195°. 

Oxidation of Triamine—50 mg. of the triamine sulfate were oxidized with 
potassium permanganate as described for the oxidation of the diamino- 
carboxylic acid. 10 mg. of crude ether-soluble oxidation product were 
obtained. Fractionation of this material by the procedures used for the 
purification of the crude adipic acid fractions yielded no adipic acid. The 
same negative results were obtained in our earlier experiments on smaller 
amounts of material with nitric acid as the oxidizing agent, as stated in 
the preliminary note. 


The authors wish to express their appreciation to Dr. Julian R. Rachele 
of this laboratory for carrying out the microanalyses. 


SUMMARY 


Oxidation of the diaminocarboxylic acid derived from biotin, either with 
nitric acid or with permanganate, yields adipic acid as one of the oxidation 
products. 

That one of the carboxy! groups of the adipic acid is the original carboxyl 
group in the biotin molecule is indicated by the non-formation of adipic 
acid on oxidation of the amine formed by a Curtius rearrangement of 
biotin hydrazide. 
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SIMPLIFIED BROMIDE DETERMINATION IN BLOOD AND 
URINE* 


By MAX M. FRIEDMAN 


(From the Department of Chemistry, Pathological Laboratories, Fordham 
Hospital, New York) 


(Received for publication, May 15, 1942) 


In 1938 Brodie and Friedman (1) published a method for the determina- 
tion of bromide in tissues and biological fluids. Tissues, serum, urine, or 
spinal fluid was dried and then fused with sodium hydroxide on a sand bath 
and the melt containing the bromide was dissolved in water. 

The use of bromide as a measure of the extracellular fluid was demon- 
strated by Brodie, Brand, and Leshin (2,3). In the present paper, a method 
for determining bromide in the serum and the urine is reported. The 
fusion, with subsequent solution of the melt and transferring, is the most 
complicated and time-consuming step of the original method. A study 
was made of different protein precipitants to substitute for the fusion, and 
the use of trichloroacetic acid was found to give quantitative recoveries of 
added bromide to serum. 

The filtrate from trichloroacetic acid is treated essentially as in the 
original method. The bromide is oxidized to bromate by sodium hypo- 
chlorite buffered with acid phosphate. The excess hypochlorite is re- 
duced by sodium formate and the addition of iodide to the bromate in acid 
solution results in the liberation of 6 equivalents of iodine. The iodine is 
then titrated with standard thiosulfate solution. 

A simplified and accurate method for the determination of bromide in 
urine is also included in this communication. The bromide and chloride 
are precipitated from urine as the silver salts in the presence of nitric acid 
(4). The supernatant fluid is removed, the halides are suspended in acid 
phosphate solution, and the bromides oxidized as for serum. 

Reagents 

Trichloroacetic acid, 10 per cent. 

Sodium dihydrogen phosphate (NaH2PO,-H,O), 40 per cent. 

Sodium hypochlorite, 1.0 N in about 0.1N NaOH. Pass chlorine gas with 
constant stirring into a solution containing 44.8 gm. of NaOH in 1000 ml. 
of solution. The alkalinity is tested at intervals by destroying the hypo- 
chlorite in 1 ml. of solution with 2 ml. of 3 per cent hydrogen peroxide, 
diluted to 10 ml. and titrated with 0.1 N HCI. The titer should be between 
0.8 and 1.2 ml. The reagent is stable for several weeks in the refrigerator. 


* A preliminary report of this paper was presented at the meeting of the American 
Society of Biological Chemists at Boston, April, 1942. 
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Sodium formate, 50 per cent. 

Potassium iodide, 20 per cent. 

Ammonium molybdate, 10 per cent. 

Silver nitrate, 7.5 per cent. 

Nitric acid, 1 per cent. 

Sodium thiosulfate, 0.005 x. This is made from a stock 0.1 N solution 
and standardized before use. 

Starch, 1 per cent. 


Procedure 


Serum—lInto a 125 ml. Erlenmeyer flask put 5 ml. of serum and to it add 
with constant shaking 25 ml. of 10 per cent trichloroacetic acid. Shake 
thoroughly with a clean rubber stopper, let stand 15 minutes, and filter 
through a dry 9 em. Whatman No. | filter paper, refiltering the first por- 
tion. In this manner about 25 ml. of filtrate are obtained. 10 ml. of 
filtrate, equivalent to 1.67 ml. of serum, are transferred to a 125 ml. 
Erlenmeyer flask and the trichloroacetic acid is neutralized by the addition 
of 0.5 gm. of sodium bicarbonate. Now add 5 ml. of 40 per cent sodium 
dihydrogen phosphate and 8 ml. of 1.0 N sodium hypochlorite. The re- 
sulting solution is immersed in a boiling water bath for 10 minutes, at the 
end of which time the excess hypochlorite is reduced by the addition of 5 
ml. of 50 per cent sodium formate. The sides of the flask are washed with 
water, and the flask shaken and replaced in the bath for 5 minutes. The 
solution is cooled to room temperature, 10 ml. of 6 N sulfurie acid added, 
and the flask further cooled in an ice bath to about 10°. Add 0.3 ml. of 
ammonium molybdate and 1 ml. of 20 per cent potassium iodide. After 
standing for 1 minute the liberated iodine is titrated with 0.005 N sodium 
thiosulfate. The starch-iodine titration end-point is difficult to recognize 
in natural light, but results can be duplicated to 0.01 ml. of 0.005 ~ thio- 
sulfate by placing the burette in a box with the inside coated with white 
paint. The box is illuminated from an upper back corner with a 60 watt 
lamp and the end-point is observed by holding the flask against the side of 
the box opposite the lamp. A blank determination is run under identical 
conditions, with 8 ml. of 10 per cent trichloroacetic acid and 2 ml. of water 
for the 10 ml. of filtrate. The titration of this blank is subtracted from 
the volume of thiosulfate in the determination. 1 ml. of 0.005 ‘ sodium 
thiosulfate is equivalent to 0.0667 mg. of Br. The thiosulfate is stand- 
ardized by measuring accurately a 0.01 N bromate solution into a 125 ml. 
Erlenmeyer flask, made to 20 ml. with water, and 5 ml. of sodium dihydro- 
gen phosphate, 5 ml. of 50 per cent sodium formate, and 10 ml. of 6 .N 
sulfuric acid are added in the order named. Cool to 10°, add 1 ml. of 20 
per cent KI, 0.3 ml. of 10 per cent ammonium molybdate, and titrate the 
liberated iodine with sodium thiosulfate. 
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Calculations—Since 1 ml. of 0.005 N thiosulfate is equivalent to 0.0667 
mg. of Br, and an aliquot of 1.67 ml. of serum is used, the calculation may 


be made as follows: 


(Titration — blank) ml. X SS X 0.0667 X 60 = mg. % Br 
0.005 
The thiosulfate normality is known and the last three factors of the equa- 
tion may be combined into one, giving the calculation directly from the 
titration. ‘Thus, when the normality of the thiosulfate is exactly 0.005 Nn, 
| ml. is equivalent to 4.0 mg. per cent of Br. 

Urine—Add 5 ml. of urine to a 50 ml. graduated conical centrifuge tube 
and bring the volume to 25 ml. with distilled water. Add 3 ml. of con- 
centrated nitric acid and then with constant stirring add dropwise 7.5 per 
cent silver nitrate until no further precipitate forms. Overlay the 
solution with 95 per cent ethyl alcohol to lower the surface tension and 
prevent the formation of a silver halide film which forms during centrifuga- 
tion. Let stand 20 minutes and then centrifuge at a moderate speed for 
10 minutes. Siphon or decant the supernatant fluid and wash the pre- 
cipitate with 20 ml. of 1 per cent nitric acid, and centrifuge again. The 
precipitate is next suspended with the aid of a stirring rod in 5 ml. of 40 
per cent acid phosphate to which 10 ml. of sodium hypochlorite are added. 
The centrifuge tube is placed in a boiling water bath for 10 minutes and 
the suspension stirred at frequent intervals by vertical motion, after which 
time 5 ml. of sodium formate are added and the tube kept in the water bath 
5 minutes longer. The solution is then filtered through a moistened 7 em. 
Whatman No. | filter paper and the precipitate washed several times with 
water. To the filtrate are added 10 ml. of 6 N sulfurie acid, cooled in 
an ice bath, and after the addition of 1 ml. of 20 per cent KI and 0.3 ml. of 
10 per cent ammonium molybdate the solution is titrated as in the serum 
determination. A blank is run with each series of determinations. The 
blank consists of 5 ml. of acid phosphate and 10 ml. of hypochlorite, and 
the solution is treated under identical conditions as for the urine determina- 
tion. It is not necessary to filter the blank. 

It is not possible to oxidize the bromide in urine directly, owing to the 
presence of interfering substances that react with hypochlorite. Isolating 
the silver halides makes the method applicable for urines of any composi- 
tion. The normal excretion of bromide can be determined with a fair 
degree of accuracy by analyzing 10 ml. of urine. This amount of urine 
normally contains about 0.025 mg. of Br. When the chloride concentra- 
tion in the urine is low, the addition of 2 ml. of 1 per cent NaCl should be 
made to 5 ml. of urine. The same amount of salt is also added to the blank. 

Proteins in urine are removed by the addition of 15 ml. of 10 per cent 
trichloroacetic acid with constant stirring to 15 ml. of urine. The solution 
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is placed in a boiling water bath for 1 minute, cooled for 30 minutes, and 
filtered until clear. 10 ml. of the filtrate, equivalent to 5 ml. of urine, are 
determined as described. 

Calculations—The blank is subtracted from the determination and the 
difference in titration is due to the amount of bromide in 5 ml. of urine. 


: thiosulfate N 
(Titration — blank) ml. X aay X 0.0667 K 20 = mg. % Br 


TABLE I 


Recoveries of Bromide Added to Serum 


Bromide added No. of analyses mn muinamn sage Average recovery 
meg. meg. me. per ceni 
0.049 6 0.0490 0.0480-0. 0500 100.0 
0.079 8 0.0782 0.0075-0.0790 99.0 
0.197 11 0.1961 0. 1950-0. 1990 99.5 


0.493 10 0.4904 0.4870-0. 4940 99.5 


TABLE II 


Comparison of Recoveries by Fusion Method (1) and Trichloroacetic Acid Precipitation 


Determigation | Fusion method | 7siGhimethod® | Det**Nestio" | Fusion method | Tsichlorosceti 
me. per cent me. per cent meg. per cent me. per cent 
1 13.1 13.3 5 15.6 15.4 
13.1 13.2 15.5 15.5 
2 11.6 11.9 6 13.6 13.7 
11.7 11.9 13.6 13.8 
3 18.6 18.8 7 19.5 19.6 
18.3 18.7 19.4 19.4 
4 16.5 16.5 8 20.4 20.6 
16.6 16.5 20.3 20.4 
Results 


Serum—Amounts of bromide from 0.150 to 1.480 mg. were added to 5 
ml. of normal serum, equivalent in amounts to 3 to 30 mg. per cent. The 
blank consisted of the same serum without added bromide. In Table I 
are shown the amounts added to the equivalent of 1.67 ml. of serum and 
the recoveries. 

A series of determinations was made to find whether bromide in the 
circulating serum could be determined in the same manner as the bromide 
added to serum in vitro, as shown in Table I. A number of human sub- 
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jects were given from 3 to 5 gm. of sodium bromide and several hours later 
blood was withdrawn and aliquot determinations were made in duplicate 
by the trichleroacetic acid filtration and the original fusion method. The 
results of some of these are shown in Table II. Amounts of bromide added 
to serum in vitro were always recovered quantitatively by the trichloro- 
acetic acid method, and the results checked favorably with those obtained 
by the fusion method in a large series of patients given bromide. However, 
in a few instances the fusion method yielded somewhat higher results. 
This discrepancy (less than 15 per cent) occurred in serum from diabetics 
taken when the patient was not in a fasting state. No explanation can 
be given at the present time as to why the bromide could not be filtered 
quantitatively in these exceptional cases. This problem is being studied 
further. 


TABLE III 


Recoveries of Bromide Added to Urine 


Bromide added No. of analyses ee en Average recovery 

me. me. mg. per cent 

0.148 5 0.141 0. 139-0. 144 95.3 

0. 237 S 0.223 0. 220-0. 224 94.1 

0.592 Ss 0.568 0.562-0. 571 96.0 

0.829 9 0.787 | 0.774-0.801 95.0 

1.480 ta} 1.392 1.376-1.407 94.0 

2.960 4 2.771 2.750-2.787 93.6 


Urine—The recovery of bromide from urine is somewhat less than 
quantitative, though constant, as is seen from Table III. No further 
bromide could be recovered from the residue. 


SUMMARY 


A technique for the determination of bromide in serum is described. 
The proteins are precipitated with trichloroacetic acid, the bromide oxidized 
to bromate, and the latter determined iodometrically. 

The bromide in urine is determined by precipitating the silver halides 
and oxidizing the bromide in the suspended salts. 


I wish to express my appreciation to Dr. Louis R. Ferraro, Pathologist 
at Fordham Hospital, for his encouragement in making this work possible, 
and to Professor George B. Wallace and Dr. Bernard B. Brodie of New 
York University for their valuable suggestions. 
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AZOLESTERASE* ACTIVITIES OF ELECTROPHORETICALLY 
SEPARATED PROTEINS OF SERUM 


By DAVID GLICK,t SUSI GLAUBACH,t ann DAN H. MOORE 


(From the Laboratories of the Newark Beth Israel Hospital, Newark, and the Electro- 
phoresis Laboratory, College of Physicians and Surgeons, Columbia University, 
New York) 


(Received for publication, April 25, 1942) 


It has been shown previously that differentiation of members of the group 
of enzymes that hydrolyze esters of nitrogen alcohols is possible to some 
degree by differences in their occurrence in the blood of various species (2). 
Thus, horse and human sera contain cholinesterase and tropacocainesterase, 
but no demonstrable atropinesterase or cocainesterase. Differentiation 
between the former two may be based on the fact that cholinesterase occurs 
in erythrocytes but tropacocainesterase does not, and between the latter 
two on the finding that atropinesterase occurs in the sera of only some rab- 
bits, while we have found cocainesterase in the sera of both those with and 
without atropinesterase. In order to obtain data that might serve more 
adequately to characterize these enzymes, and that might possibly be useful 
for their separation, determinations of the activities of the azolesterases in 
question were carried out on electrophoretically separated proteins of 
human, horse, and rabbit sera. 


EXPERIMENTAL 


Two samples of fresh rabbit serum were used: Serum A was the pooled 
sera of four animals having an average atropinesterase activity of 132 units 
per 0.1 ml., and Serum B was the serum of a single rabbit having 336 units 
per 0.1 ml. The human serum was collected from six normal individuals, 
and the pooled material was used within a few days. The horse serum had 
been stored at 2-4° for 18 months, but had been sterilized by filtration and 
sealed while it was fresh." 

The electrophoretic method and apparatus have been described elsewhere 
(3,4). Before being subjected to electrophoresis, the samples of rabbit and 


* The term azolesterase has been recently suggested by Glick (1) to designate the 
class of esterases that act on nitrogen alcohol esters in order to differentiate this 
group from other types of esterase. The azolesterases act not only on esters of the 
amino aleohol variety, but also on the nitrogen heterocyclic aleohol type; the de- 
mareation between these two types remains to be clarified. 

t Aided by a grant from the Sidney C. Keller Research Fund. 

‘We are indebted to Dr. W. G. Malcolm of Lederle Laboratories, Inc., for the 
sample of normal horse serum. 
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human sera were dialyzed in viscose sausage casings against 3 liters of buffer 
consisting of the bicarbonate-Ringer solution used in the enzyme measure- 
ment without the CaCk (0.025 m NaHCO;, 0.10 m NaCl, 0.025 
KCl, pH 8.2). The calcium salt was omitted in order to prevent the pre- 
cipitation of carbonate that occurs when the solution is not in equilibrium 
with at least 5 per cent CO,. The same buffer was used to fill the electrode 
vessels of the apparatus. To obtain a higher yield of a- and 8-globulins, 
the sample of horse serum was subjected to the following procedure: A 
300 ml. sample was brought to one-third saturation with (NH4)eSO,y. The 
precipitate, principally y-globulin, was discarded (5). The supernatant 
was then brought up to one-half saturation with (NH4)2SO,. The precipi- 
tate, consisting mainly of a- and 6-globulins (5), was separated from the 
supernatant, washed, centrifuged, dialyzed against running water, and 
redissolved in a phosphate buffer (0.02 Mm NagHPO, + 0.15 m NaCl, pH 
7.5). It was then dialyzed against three changes of the same buffer for 3 
days, the last being used to fill the electrode vessels of the electrophoresis 
apparatus. This sample contained all the electrophoretic components of 
normal horse serum but the relative amount of a- and 8-globulins had been 
considerably enhanced. 

Since albumin has the greatest mobility and y-globulin the lowest at these 
pH values, pure samples of albumin and y-globulin could be obtained at 
ach end of the protein column. Mixtures of albumin and a-globulin free 
of B- and y-globulins, and of 8- and y-globulins free of albumin and a- 
globulin could also be obtained. This first separation was made in a large 
cell of 100 ml. capacity. The sample of albumin and a-globulin was again 
dialyzed against the buffer to be used in the electrode vessels and the pro- 
teins were separated in a cell of 10 ml. capacity. In like manner 8- and 








y-globulins were separated. 
The protein concentration of each separated component was determined 
by means of a Zeiss interferometer which had previously been calibrated by 
. micro-Kjeldahl nitrogen determinations. This method provided a means 
of determining concentrations to an accuracy of about 3 per cent and did 
not consume any of the material. 

The azolesterase measurements were carried out by the manometric 
method previously described, and the unit of activity employed was the 
same as that previously defined (2); i.e., the quantity of enzyme required to 
liberate 1 e.mm. of CO, in 300 minutes at 30° in a total volume of 4 ml. con- 
taining 0.25 per cent substrate (in the case of acetylcholine chloride 0.375 
per cent was used). Actually the reactions were followed for only 120 
minutes and extrapolations to 300 minutes were made. 1 ml. of undiluted 
protein solution was used in the side arm of a Warburg vessel with 3 ml. of 
substrate in the main chamber. Enzyme values, employed to express 
concentration, were defined as the number of units per 100 mg. of protein. 
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DISCUSSION 


From Table I it is apparent that the azolesterases studied cannot be 
separated from one another by electrophoretic means, since all of these 
enzymes appear predominantly in the a- and #-globulin fractions. It 
would also appear from these data that there is no parallel between the 
electrophoretic homogeneity of the proteins and their enzyme activities. 
Thus, even though the a- and 6-globulins have been distinctly separated 
according to electrophoretic criteria, each enzyme appeared in both frac- 
tions in every instance with the exception of tropacocainesterase in rabbit 
Serum A. However, this work shows that the enzymes are most con- 


TABLE I 
Azolesterase Actions of Serum Protein Fractions 

















: : Protein | Acetyl- Atrepia- Tropa- | Cocain- 
Enzyme material — | c= esterase — esterase 
| a, | Tle” | “le” | “Tate” | “te 
Rabbit Serum A Dialyzed serum | 53.2 2,500 | 1,200 280 690 
e-Globulin _ 0.61 | 23,000 | 21,000 | 3,300 | 10,800 
8-Globulin | 2.10 | 15,000} 1,400 0; 1,400 
y-Globulin | 3.20 | 2,800 0 0 0 
Albumin | 20.0 550 300 130 0 
Rabbit Serum B | e-Globulin | 1.50 | 10,700 | 24,700 | 2,600 | 3,700 
8-Globulin 1.20 | 16,700 | 5,400 | 2,500] 2,900 
oe pe “ sm — ae 
Albumin | a t at 
Horse serum a-Globulin 15.3 5,600 470 
8-Globulin | $5 | 4,900 410 
y-Globulin 12.0 690 0 
Albumin 5.2 0 | 0 
Human serum a-Globulin | 0.08 |100,000 | 44 ,000 
8-Globulin 0.10 | 85,000 | 25 ,000 
y-Globulin | 0.23 0 | 0 
Albumin 1.06 1,400 | 0 





centrated in their respective a-globulin fractions, with the exception of 
cholinesterase in rabbit Serum B. 

The purification of cholinesterase in horse serum had been undertaken 
previously with salting-out and adsorption techniques by Stedman and 
Stedman (6). They found that the enzyme was chiefly associated with the 
protein fraction soluble in 35 per cent (NH,4)2SO, and precipitated by 40 per 
cent salt concentration in a slightly acid medium. This pseudoglobulin 
fraction of serum corresponds to the a-globulin separated by electro- 
phoresis. eMeekin (7) obtained effective purification of the enzyme in 
horse serum by precipitation with lead acetate at pH 7.4. He reported that 
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very little enzyme was obtained with the protein precipitated by half satur- 
ation with (NH4)SO,. It has been the experience of the authors that the 
most highly purified enzyme preparation is obtained from the protein pre- 
cipitated between one-third and one-half saturation with (NH4)SO,4. The 
present experiments demonstrate that while most of the activity may be 
found in the a-globulin of horse serum, the 8 fraction also is rich in cholin- 
esterase, the y-globulin contains very little, and the albumin none. 

Since the chief purpose of this work was the separation of the enzymes, 
the degree of purification effected by electrophoresis was given secondary 
consideration. However, the data for rabbit Serum A demonstrate the 
relative concentrations of the enzymes in the different fractions. In the 
a-globulin a purification was obtained of 9 to 10 times for acetylcholin- 
esterase, 17 to 18 times for atropinesterase, 11 to 12 times for tropacocain- 
esterase, and 15 to 16 times for cocainesterase. 


SUMMARY 


Acetylcholinesterase, atropinesterase, tropacocainesterase, and cocain- 
esterase in serum could not be separated from one another by electro- 
phoresis, although some purification of the enzymes could be produced by 
this means. The azolesterase concentrations were greatest in the a- and 
8-globulin fractions, with the former generally exceeding the latter. 


The authors wish to express their appreciation to Miss Helen Sikorski 
and Mrs. Vernon Strub for their technical assistance in the electrophoretic 


separations. 
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ACID-BASE EQUILIBRIUM IN THE NORMAL* 


By FRANK C. p’ELSEAUX, FRANCES C. BLACKWOOD, 
LUCILLE E. PALMER, anp KATHERINE G. SLOMAN 


(From the Department of Psychiatry, Harvard Medical School, and the Boston 
Psychopathic Hospital, Boston) 


(Received for publication, February 28, 1942) 


The pH, was determined on the arterial blood of normal young men by 
the gasometric method with a degree of sensitivity indicated for the glass 
electrode by Haugaard and Lundsteen (1). The data indicate a narrower 
range of pH for the arterial blood and for the tissues than that which one 
is led to expect from work reported heretofore. 


Methods 


The work was done under basal conditions and novocaine anesthesia. 
The appearance and overt activity of the subject, the pulse, blood pressure, 
and depth, rate, and regularity of respiration were observed throughout the 
test and showed little or no change. 

Arterial blood was collected without contact with air (or oil in the 
majority of instances), chilled immediately, and kept at 0-5° except when 
being equilibrated at the subject’s temperature (rectal). 

Carbon dioxide dissociation curves (two, three, four, or five points) of 
oxygenated whole blood and true plasma were determined, in general, as 
outlined by Dill in the appendix to Henderson’s book (2). The pCO, 
of content blood, and the plasma CO, content were gotten by plotting 
(respectively) the blood CO, content on the curve of whole blood and the 
content pCO, on the curve of true plasma (on large scale log-log paper). 
The content pCO: was also calculated (by use of the equation for a straight 
line). In the later experiments, in place of using true plasma curves, the 
plasma CO, content was determined directly on the plasma of content 
blood which had been centrifuged under oil. The findings agreed well with 
values obtained with true plasma curves as above. 

To calculate the pH,, constants appropriate to the temperature of 
equilibration (36.6-37.4°) were used. It was assumed that the change in 
solubility of CO, in serum with change in temperature was comparable to 
that in water. Van Slyke’s factor of 0.0671 for 38.0° (3) was used as a 
basis for caleulating the factors for other temperatures. Values for pK’ 
were derived from Van Slyke’s value of 6.105 at 38.0° (confirmed by Dill’s 

* This work was supported by a grant-in-aid from the John and Mary R. Markle 


Foundation. 
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work at 37°) on the basis of a decrease of 0.005 per degree increase in tem- 
perature (4-6); 7.e., a decrease of 0.0005 per tenth of degree. 

Work was done to determine the effect of the glycolytic formation of 
lactic acid during equilibration. It was concluded that, while by not 
correcting one permits this effect to introduce a slight artificial variability 
among the several cases, one does not necessarily, by correcting, decrease 
this variability, and in fact, because of unavoidable technical error in cor- 
recting, may accentuate it. Because of this and because we were interested 
not in absolute values for the normal, but in comparative values, it was 
decided not to correct our data. 

For the same reasons no correction for the effect of the slight degree of 
oxygen unsaturation of the arterial blood as determined was made. 

To approximate more closely the absolute value for pH, one must add 
0.02 to the values given in this paper to correct for these combined effects. 

It was demonstrated that the in vitro formation of CO2 in blood took 
place at such a slow rate as not to be measurable within the period of time 
taken to complete the work on a given blood. 

To test the sensitivity of the method three separate specimens of blood 
were simultaneously collected on each of four subjects, the pH,, ete., being 
determined in triplicate on each subject. The points used to get the three 
separate dissociation curves for each subject were used in combination to 
describe a six point dissociation curve. This was considered the standard 
curve for this subject. The standard blood CO, content for each subject 
was obtained by averaging all the separate Van Slyke determinations of the 
blood CO, content of each of the three specimens of blood (nine determina- 
tions). The standard plasma CO, content for the subject was obtained in 
the same manner. The standard curve and blood and serum CO, contents 
were used to derive the standard pH,. The deviation of the values ob- 
tained on each of the three specimens of blood from the standard values 
for the subject was considered the error. From the average of the errors 
on all twelve experiments, the range of error, indicating the degree of 
sensitivity of the method, was obtained. 

The pertinent data of the experiments on the three specimens of blood 
of one of the four subjects are given in Table I and in Fig. 1 as a representa- 
tive sample. A digest of the findings will be given in the text. 

It was found that the values for pH, obtained with heparin from the 
Connaught Laboratories were higher than those obtained with heparin 
from Hynson, Wescott and Dunning, Inc. To be certain that this dif- 
ference was attributable to the difference in heparin, two separate specimens 
of blood, one in which Connaught heparin and another in which Hynson 
heparin was used, were simultaneously collected on each of five subjects. 
In each instance the pH, was at least 0.013 higher with the Connaught 
heparin. This was attributable practically entirely to the fact that the 
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blood dissociation curve was higher (and hence, since the blood CO, content 
was the same, the pCO, lower) with Connaught heparin and but slightly 
to the fact that the plasma CO, content was higher. 

The pH, was determined in triplicate on one subject with Connaught 
heparin in concentrations 1, 2, and 3 times that ordinarily used. The 


TABLE I 
Representative Data to Indicate Sensitivity of Method 
The pH,, ete., were obtained on three specimens of blood taken simultaneously 





from the same artery. 


Blood CO: content, vol. 











Plasma CO: content, vol. 
































per cent per cent pCO», mm. pHs 
Specimen — , | Devt Devi | Devia- 
Analy-| Aver- |,.-°Y} Analy- | Aver- |,; devia- oe tion 
pes” | “age (tom fom) ASeaY"| “ge (tom rom) tion Ero) | rom 
| | ard 
A 50.48} 50.59} 0.06 | 59.47] 59.52] 0.18 | 43.56] 0.16 | 7.387] 0.000 
50.63 | 59.56 
| 50.67 | 60.08 
B 50.48) 50.54) 0.01 59.92) 59.86) 0.16 | 43.75) 0.03 7.388) 0.001 
50.32 | 59.89 
50.83) | 59.78 
C 50.58) 50.45) 0.08 | 59.25) 59.54) 0.16 | 43.87) 0.15 | 7.384) 0.003 
50.45 «50.54 | 
50.33 59.82 
hesctiitctani ahdliinin 
Standard. | 50.53) 59.70 43.72 7.387 
| | 
a" 2 : 7 
« [50 
4 5 
of a 4 
> [46 ral 
6.4, 4 6 SD, 
pCO, (mm. He) 


Fic. 1. Representative data to indicate the sensitivity of the method. 


Pairs of 








points are used to establish the CO, dissociation curve for each of three specimens of 
blood, A, B, and C, taken simultaneously from the same artery. The curve shown is 
the “standard” curve plotted on a log-log scale. See the text. 


variations in the values obtained were within our range of error and not in 
any given direction. 
Statement of Findings 


The range of error demonstrated was +0.06 volume per cent for blood 
COs, content, +0.20 volume per cent for plasma CO, content, +0.20 mm. 
for the pCOz, and +0.003 for pH,. 
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The work was distributed over a period of 8 years. A careful search of 
our data disclosed no artifacts attributable to changes in personnel, in ap- 
paratus, or in technique other than that due to heparin. 

The data concerning the range of pH, for our eighteen subjects are pre- 
sented in Figs. 2 to 4, plotted on log-log paper. The iso-pH lines are con- 
structed with the factor and pK’ for 37°. Each point (representing the 
findings on one subject) was first fixed in space by the experimentally de- 
termined values for plasma CO, content and content pCO, and then moved 
along an axis perpendicular to that of the iso-pH lines until it came to rest 
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Fig. 2. Arterial plasma pH, CO, content, and tension. The values were obtained 
with Connaught heparin. o +0.003. The numerals 2 and 3 identify subjects re- 
ferred to in the text. 

Fic. 3. Arterial plasma pH, CO, content, and tension. The values were obtained 
with Hynson heparin. o +0.007. The numeral / identifies a subject referred to in 
the text. 

Fig. 4. Arterial plasma pH, CO, content, and tension. The values were obtained 
with Hynson heparin (corrected) and Connaught heparin. « +0.005. The 
numerals /, 2, and 3 identify subjects referred to in the text. 


on the iso-pH line representing the experimentally determined pH,. This 
correction of pCO, and plasma CO, content for temperature is very small. 

Fig. 4 consists of Fig. 2 with the data of Fig. 3 added in corrected form. 
To correct, the blood curve was raised 0.56 volume per cent (the average 
difference ascribable to the effect of heparin on the height of the curve) and 
the plasma CO, content was raised 0.32 volume per cent (the difference be- 
tween the average difference in height of blood and plasma obtained with 
Connaught heparin and that obtained with Hynson heparin) and a pCO, 
and pH, (thus corrected for the effect of heparin) were obtained. These 
corrected data were used to fix the point as described above. 

The findings in Subjects 1, 2, and 3 deviate from those of the remaining 
fifteen cases. In terms of pH, Subjects | and 2 deviate in the same ciree- 


tion and almost double the range indicated by more than 7 times their 
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number. Subject 3 deviates in terms of pCO, and plasma CO, sufficiently 
to be considered as belonging to another universe in the statistical sense. 
Subjects 2 and 3 deviated in the same manner on more than one occasion. 
It is our belief that these three subjects suggest the presence of dysfunctions 
among individuals considered entirely normal because they offer no readily 
observable evidence of being abnormal. 

The range of pH, with these three cases excluded is 0.011 for the subjects 
in Fig. 2, 0.018 for those in Fig. 3 and for the group as a whole (Fig. 4). 
(Were the three cases included, the ranges would be, respectively, 0.026, 
(0.028, and 0.033.) 

We consider the values obtained with Connaught heparin nearer the ab- 
solute. The average of these is 7.397, the median 7.398. Thus the norm 
indicated by our work is approximately 7.42 (0.02 added to correct for the 
effect of glycolysis and oxygen unsaturation). 

DISCUSSION 

These data indicate the range of arterial pH, for the normal in the basal 
state to be considerably smaller than one is led to expect from work reported 
heretofore.! 

Any of our experimentally determined ranges, even 0.011, includes varia- 
tions attributable to random errors in technique. In addition variations 
are introduced by variations in the impurities in different batches of Hynson 
heparin used in the group giving the range 0.018; by variations in the rate 
of glycolysis during equilibration; by variations in the degree of oxygen un- 
saturation; and finally, by the slight variations in respiratory activity re- 
sulting from the psychic effect of the procedure. 

These considerations taken together with our work in general thus far 
lead us to believe that, under basal conditions, the fluctuations in arterial 
pH, of the normal individual are limited to changes in the third place, and 
that the variation among individuals, in terms of the means of these indi- 
vidual ranges, is limited to differences in the third place. 

The points in Figs. 2 to 4 are oriented with relation to the iso-pH lines. 
Were the variation in the concentration of bicarbonate (indicated by CO, 
content) or that of the carbonic acid (indicated by pCO.) unaccompanied by 
that of the other, the variation in pH, among the fifteen individuals would 
be about 5 times as great as it is. 

In four subjects a second determination was done several months after 


' Even the largest range obtainable with the eighteen subjects (0.033) is but one- 
third of that ordinarily accepted. We have values for the pH, obtained on 69 schizo- 
phrenic patients in a basal state. Despite the fact that these patients deviate from 
the normal, the total range for the 87 cases is only 0.056. (Even were one to disre- 
gard the effect of heparin, the total range would be no greater than 0.070.) 
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the first. The difference in pH, was 0.001, 0.003, 0.005, and 0.009; the 
difference expected from the change in pCOz (in the same order) was 0.012, 
0.013, 0.011, and 0.030; and the difference expected from the change in bi- 
carbonate was 0.013, 0.010, 0.016, and 0.021. 

In other words, in the normal, under basal conditions, while the changes 
in concentration of the weak acids or of their salts are confined within nar- 
row limits, the magnitude of the changes in either may be appreciable and 
considerably larger than that of the changes in arterial pH,. That is, 
despite changes in the concentration of the weak acids or of their salts (and 
because each such change in the concentration either of a weak acid or of its 
salt is, in terms of the effect on pH,, accompanied by an approximately 
equivalent and compensatory change in the other), the arterial pH, is kept 
from varying, except for a very small amount, from the mean value for the 
subject and from that for the group. 

Both the initial and compensatory changes in the concentration of the 
weak acids and of their salts in the blood of each of the four subjects men- 
tioned above originate elsewhere than in the blood. First, there was an 
appreciable difference in the over-all heights of the CO: dissociation curves 
on the two occasions; 7.e., the blood gained or lost base or acid (other than 
carbonic) from or to the tissues, or the organs, or both. Secondly, the 
concentration of carbonic acid changed in the same direction as that of bi- 
carbonate; t.¢e., CO, was gained by or lost from the blood. In this regard it 
will be shown in a subsequent communication that, when there is a change 
in the amount of COs, to be eliminated, the tissues effect the circulatory ad- 
justments and changes in external respiratory activity necessary to alter the 
elimination of this metabolite, by effecting changes in the arterial blood. 
The blood is but a part of the larger system, an intermediary among the 
several tissues and organs, serving its function by reflecting changes in 
various parts of the organism under the dominance of the tissues. 

It seems reasonable therefore to accept the findings of these experiments 
as indicating the status of the several tissues. That is, in the normal sub- 
ject under basal conditions, despite changes in the concentration of the 
weak acids and their salts, the tissue pH is kept from varying except for a 
very small amount. 

These findings are consistent with the concept that the maintenance of 
the tissue pH is a primary function of the organism. They indicate that it is 
of greater importance in the body economy to minimize change in pH than 
to maintain a given concentration of the weak acids or of their salts or to 
minimize changes in these concentrations, and suggest that one function 
served by this maintenance of pH within so narrow a range is to keep it, the 
tissue pH, at a level which is optimum for the physicochemical processes 
characterizing the resting state. 
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SUMMARY 


The pH, of the arterial blood of each of eighteen young men in the basal 
state was determined by the gasometric method. 

The sensitivity of the method was tested and, in terms of pH,, was found 
to be +0.003. 

It is our impression from our work thus far that under basal conditions 
the fluctuations in arterial pH, of each normal individual are limited to 
changes in the third place and that the variation among such individuals, in 
terms of the means of these individual ranges, is limited to differences in the 
third place. 

It is concluded that, in the normal under basal conditions, the pH of the 
several tissues as well as that of the arterial blood is kept from varying ex- 
cept for a very small amount, despite changes in the concentration of the 
weak acids and of their salts. 
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EFFECT OF DIPHOSPHOPYRIDINE NUCLEOTIDE ON THE 
RATE OF OXIDATION OF BETAINE ALDEHYDE* 


By J. RAYMOND KLEIN ano PHILIP HANDLER 


(From the Departments of Biochemistry and of Physiology and Pharmacology, Duke 
University School of Medicine, Durham, North Carolina) 


(Received for publication, May 20, 1942) 


Evidence has been presented indicating that betaine aldehyde is oxidized 
to betaine by rat liver (1). It was found in the present study that the rate 
of oxidation of betaine aldehyde by preparations of certain rat tissues was 
increased by the addition of diphosphopyridine nucleotide. 


EXPERIMENTAL 


The oxidation of betaine aldehyde by washed preparations (2) of rat liver 
and other tissues and the effect of diphosphopyridine nucleotide on the 
oxidation were measured manometrically at 38°. The betaine aldehyde 
was used in the form of the chloride, which was prepared from chloroacetal 
(3). Nicotinamide was added to the experimental mixtures in order to 
ix. the inactivation of the added nucleotide (4, 5). 

The data in Fig. | show that diphosphopyridine nucleotide in the pres- 
ence of nicotinamide increased the rate of oxidation of betaine aldehyde 
and of choline. The rates of oxidation of the aldehyde and of choline at 
pH 7.8 were not affected by 0.1 M nicotinamide in the absence of the 
nucleotide, or by the nucleotide in the absence of the amide. At pH 6.7 
the oxidation of choline in the presence of nicotinamide was not appre- 
ciably affected by the addition of the nucleotide. Choline is oxidized to 
betaine aldehyde at pH 6.7, and to betaine at pH 7.8 (1). Therefore, the 
effect of the nucleotide on the oxidation of choline at pH 7.8 was due pre- 
sumably to its effect on the oxidation of the aldehyde. Equal amounts of 
triphosphopyridine nucleotide, in the form of a preparation of purity 0.1, 
had no effect in the oxidation of the aldehyde or choline. 

The effect of the nucleotide on the rate of oxidation of the aldehyde could 
be detected when the concentration of the former was 0.05 mg. per 2 ml. but 
not when the concentration was 0.005 mg. per 2 ml. Concentrations of 
nicotinamide greater than 0.1 mM had an inhibitory effect on the rate of 
oxidation; however, the increased rate produced by the nucleotide was not 
appreciably affected by concentrations up to 0.22 mM. The effect of the 


* Supported in part by the International Health Division of the Rockefeller 
Foundation and the John and Mary R. Markle Foundation. 
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nucleotide was obtained occasionally when the concentration of amide was 
0.04 M. 

As indicated by the data in Fig. 2, the optimum pH for the oxidation of 
the aldehyde by the liver preparation was about 8.0. The final oxygen 
uptake in the pH range 7.3 to 8.3 was usually somewhat more than the 
amount corresponding to the utilization of 1 atom of oxygen per mole of 
aldehyde. The final oxygen uptake obtained with choline at pH 7.8 was 
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Fic. 1. Effect of diphosphopyridine nucleotide on the oxidation of betaine alde- 
hyde and choline. Each curve represents the oxygen uptake of an experimental 
mixture containing substrate minus the uptake of an appropriate control. The ex- 
perimental mixtures were made up to a final volume of 2 ml. with 0.05 m phosphate 
buffer, pH 7.8, and contained 0.5 ml. of liver preparation, 0.0064 mm of choline or 
0.0065 ma of betaine aldehyde, sufficient nicotinamide to give a final concentration 
of 0.1 M, and, as indicated, 0.5 mg. of diphosphopyridine nucleotide (in the form of a 
preparation of purity 0.5). Curve 1, choline plus nucleotide. Curve 2, choline. 
Curve 3, betaine aldehyde plus nucleotide. Curve 4, betaine aldehyde. 

Fic. 2. Effect of pH on the rate of oxidation of betaine aldehyde. The experi- 
mental mixtures were the same as those indicated for Curve 3, Fig. 1. 


also somewhat more than was required for oxidation to betaine. This 
extra oxygen uptake was presumably due to a slow oxidation of betaine, 
since the liver preparation oxidized betaine slowly. The ratio of the rate 
of oxidation of betaine to that of the aldehyde was 0.05. 

No evidence for dismutation of betaine aldehyde was obtained. Dis- 
mutation was tested for anaerobically (6) and as follows: Five samples of 
the mixture of liver, amide, and nucleotide, in the concentrations indicated 
for Curve 3, Fig. 1, were treated with nitrogen in order to remove oxygen. 
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To Sample | was added 0.013 mm of betaine aldehyde, to Sample 2, 0.0065 
mm of choline. The samples were then kept under anaerobic conditions 
for a period of time sufficient to permit the aerobic oxidation of the same 
amount of aldehyde in a parallel experiment. The mixtures were then 
acidified to pH 6.7, quickly aerated, 0.0065 mm of choline added to Sample 
3, and 0.013 mm of aldehyde to Sample 4. Sample 5 served as a control. 
The oxygen uptakes of all samples were then measured. The rate and 
extent of oxidation of the substrates in Samples 1 and 4 and in Samples 
2 and 3 were the same, the oxidation of the two pairs being different. If 
dismutation of the aldehyde in Sample 1 to choline and betaine occurred, 
the rate and extent of the aerobic oxidation would have been the same as 
in Samples 2 and 3. Since the rate and extent of aerobic oxidation of the 
aldehyde previously incubated anaerobically (Sample 1) was the same as 
that of the aldehyde subjected to aerobic oxidation alone (Sample 4), 
dismutation did not occur. Similar experiments in which the rates of 
aerobic oxidation were compared at pH 7.8 also did not indicate dismu- 
tation. 

Betaine aldehyde was also oxidized by preparations of kidney, brain, 
and muscle, the activities of these tissues compared to liver being 0.33, 
0.13, and 0.10 respectively. The relative activities were compared in the 
presence of the nicotinamide and diphosphopyridine nucleotide. The 
nucleotide had the same effect on the rate of oxidation of the aldehyde by 
these tissues as in the case of liver. 


SUMMARY 


The rate of oxidation of betaine aldehyde by preparations of rat liver, 
kidney, brain, and muscle was increased by diphosphopyridine nucleotide. 
Triphosphopyridine nucleotide did not affect the oxidation. Dismutation 
of the aldehyde by the liver preparation did not occur. 
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THE INTERACTION OF THE BLOOD PROTEINS OF THE RAT 
WITH DIETARY NITROGEN* 


By RUDOLF SCHOENHEIMER,¢ 8. RATNER, ano D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


anpD MICHAEL HEIDELBERGER 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Presbyterian Hospital, New York) 


(Received for publication, May 13, 1942) 


When small amounts of amino acids or NH; containing heavy nitrogen 
were added as a marker to the normal diet of rats, nitrogen of dietary 
origin was found to be rapidly incorporated into the proteins of animal 
tissues. It has been shown (1-4) that the presence of N™ is due to the 
replacement of individual amino acids in the body proteins by their isotopic 
analogues supplied in the diet directly or formed as a result of intermolec- 
ular transfer of nitrogen during temporary liberation of amino groups. 
The rate of appearance of N® in a protein, when an isotopic amino acid is 
supplied in the diet, is therefore influenced by the rate of splitting and 
formation of peptide bonds as well as by the rates of all the metabolic reac- 
tions involving the shift of nitrogen from one amino acid to another. The 
N® values obtained by such procedures may, however, serve as a means 
of comparing the ‘chemical activity” or rate of “regeneration” of the body 
proteins of specific organs or tissues. The chemical activity of muscle 
and skin proteins is less than that of the proteins of internal organs (1-3), 
and it seems probable that the proteins of liver parenchyma cells react 
much more rapidly than those of the connective tissue of the same organ. 
The values earlier reported for whole organs therefore represent the average 
activity of a highly complex mixture. An investigation of the separate 
cell svstems constituting an internal organ is not at present entirely feasible, 
and it is difficult to fractionate organ proteins of the small animals to which 
one is restricted by the scarcity of isotopes. 

The blood proteins offer a suitable material for such investigation; in 
contrast to organs, plasma may be more readily sampled and more con- 
veniently fractionated into component proteins. These and the eryth- 
rocyte proteins have been studied with the aid of heavy nitrogen. 

Plasma Proteins The regeneration of plasma proteins was investigated 


* This work was carried out with the aid of grants from the Rockefeller Founda- 
tion and the Josiah Macey, Jr., Foundation. 
t Died, September 11, 1941. 
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by supplementing for 3 days the casein-containing stock diet of normal 
adult rats with amino acids marked with N™.!| In the case of tyrosine 
the supplement, 23 mg. of N per rat per day, was administered for a longer 
period, namely 10 days. In all other respects the experimental conditions 
were uniform. 

In this investigation of blood proteins, compounds have been adminis- 
tered with isotope concentrations ranging from 4.5 to 10.5 atom per cent 
N"® excess. The isotope concentrations observed in the proteins and in- 
dividual amino acids isolated from the animals have been recorded on a 
uniform basis by the procedure (2) of calculating all values as for 100 
per cent N™ in the nitrogen administered. This form of presentation has 
the advantage that it shows directly what percentage of the nitrogen of the 
biological reaction product is derived from the administered nitrogen. If 
a serum protein fraction is reported by this convention to contain “2.00 
atom per cent marked nitrogen,” 2 per cent of the protein nitrogen was 
derived from the labeled glycine administered. 

In Table I are given the isotope concentrations of the plasma proteins 
of these animals and for comparison the corresponding data, previously 
reported, for several internal organs. The concentration of marked 
nitrogen in the plasma protein is slightly lower than that of the liver in 
the experiment with dl-tyrosine but somewhat higher than that of the 
internal organs in the other experiments recorded in Table I. The rate 
of ‘‘regeneration”’ of plasma proteins is thus approximately equal to that 
of the average proteins of liver, kidney, or the intestinal tract. 

The plasma samples obtained from animals given either d- or l-leucine 
or glycine were fractionated by precipitation with increasing concentra- 
tions of sodium sulfate.? There is little difference between the isotopic 
levels in the four fractions of each experiment. The results indicate that 
the various plasma proteins of a normal animal are involved at similar 
rates in the chemical reactions responsible for the introduction of dietary 
nitrogen and may be considered to have about the same “chemical activity” 
as the average proteins of the internal organs investigated. 

Source of Plasma Protein—Whipple and collaborators (5), as a result of 
experiments on the replenishment of plasma proteins lost by plasma- 
pheresis, consider that a dynamic equilibrium exists in the body whereby 
the proteins of the plasma, liver, and other tissues are constantly exchang- 


1 The observations reported here were made on samples of blood obtained during 
detailed investigations of the intermediary metabolism of the isotopic amino acids 
di-tyrosine, l-leucine, d-leucine, and glycine. The methods of synthesis and analysis 
and the results obtained on feeding these compounds have been reported else- 
where (1-4). 

? See the following paper for experimental details. 








ing 


che 


T 





‘Mal 
sine 


ger 
ions 


Nis- 
ent 








SCHOENHEIMER, RATNER, RITTENBERG, AND HEIDELBERGER 543 


ing. The results obtained with normal animals in nitrogen equilibrium 
require a similar interpretation. They demonstrate the continuous 
chemical interactions of serum proteins with body proteins and diet. 
These reactions occur rapidly and presumably while the serum proteins are 
in contact with organ cells. 

Though the origin of plasma proteins is not fully understood, the liver 
is most frequently considered to be the site of their formation (5). Our 
data are not in disagreement with this theory, since, as was pointed out 
above, the values reported for the whole organ represent the average of a 
mixture of proteins of varying activities. A fractionation of the liver 


TABLE I 
Concentration of Marked Nitrogen in Internal Organs and Plasma Protein Fractions 
of Rats Given Isotopic Amino Acids 
The values are calculated for an isotope content of 100 atom per cent N* in the 
amino acid administered. 





Compound administered 





Protein fraction oe = = 
LLeucine | d-Leucine | Glycine | d/-Tyrosine 

















alom per atom per atom per atom per 
cent cent cent cent 
Ps WEED MOONEE. 5 sos csivswnncdscesea nes 1.65} 1.15; 1.77 1.45 
ES. ccdwdediaeedeuvanawaw aan 1.79 1.06 | 2.35 
SNS Goins cdbe'seviseteneseudmeeuenes 1.51 0.89 1.82 
NIN. S56 cig So Vata veabecduacenuns | 1.78 | 1.20] 1.76 
NS . \ Sv carxisetayne wah caedaev ebedie 1.72! 1.04] 1.67 
Liver protein inves scnerees duane eee | 0.93 | 0.89 | 1.40 1.95 
Kidney “ pouastetneececdte | 1.36 | 0.97 | 
Intestinal tract protein ws whos a 1.48 0.76 0.97 | 
Erythrocytes 0.29 0.28 0.44 | 0.45 
Hemin ioniias 2 ae ee , 0.14 
Probable error of calculated values .. £0.04 40.04 +0.06 +0.15 


might well show the presence of some proteins having isotope concentra- 
tions higher than those of the corresponding plasma. 

Proteins of Erythrocytes—In contrast to the proteins of the plasma and 
organs, those of the red blood corpuscles were found to have low concen- 
trations of isotope. Of the several constituents of hemoglobin, only the 
heme and globin can be investigated with heavy nitrogen. However, it is 
known from the investigations of Hahn, Bale, Lawrence, and Whipple with 
radioactive iron (6) that the iron of hemoglobin is replaced very slowly in 
normal animals. Both the red cells and their porphyrin were studied in 
the experiment in which /-leucine was fed. The hemin contained an even 
smaller concentration of N™ than the red cells. Hemoglobin, the principal 
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protein within the red cell, therefore has a low ‘chemical activity” when 
compared to the plasma proteins. This suggests that the protein of 
hemoglobin, in the circulation, is involved in only a slow cycle of synthesis 
and destruction. This idea is in accord with the evidence obtained with 
radioactive iron, which indicates that the lifetime of the red cell is rela- 
tively long (cf. also (7)). 


SUMMARY 


1. By administration of isotopic amino acids to rats, plasma proteins 
have been shown to take part in metabolic reactions involving the in- 
corporation of dietary nitrogen. 

2. The rate of this process in the plasma proteins when compared with 
that in the kidney, liver, and intestinal tract of the same animals is approxi- 
mately the same, and all fractions of the plasma protein, fibrinogen, euglob- 
ulin, pseudoglobulin, and albumin participate to about an equal extent. 

3. Investigation of the erythrocytes under the same conditions shows 
that both the protein and the porphyrin of hemoglobin have a lower 
“chemical activity” than the plasma proteins. 
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When an animal is given antigen parenterally, new substances known as 
antibodies may appear in the plasma. There is now ample evidence (1) 
that these antibodies are globulins which differ from those normally present 
chiefiy in a specific reactivity with the antigen used. The actual formation 
of antibodies must therefore involve some change, as yet only vaguely 
defined, in the structure of the globulin molecule. According to current 
theories (2) appearance of antibodies is dependent upon the presence of 
antigen or its degradation products at the site of globulin formation. 
The antigen must therefore be regarded as having more or less direct in- 
fluence on the formation of these specific proteins. Classical experimental 
procedures do not reveal with certainty whether antibodies, once formed, 
circulate unchanged prior to complete degradation, or whether they take 
part in the replacement reactions characteristic of other plasma (3) and 
organ proteins (4). The uptake of dietary nitrogen which accompanies 
protein synthesis through amino acid replacement and nitrogen transfer 
among individual amino acids has been employed (3) as a criterion of 
protein regeneration. 

Precipitation of antibody from serum or plasma by addition of homol- 
ogous antigen furnishes an ideal method for the separation of this charac- 
teristic protein, and its quantitative estimation is also simple and accurate 
(5). The chemical reactions in which antibody is involved have been 
investigated by administration of isotopic amino acids to immunized 
animals. The isotope analysis of the antibody, isolated as the antigen- 
antibody complex, showed that antibody, even at the time when it was 
decreasing in total amount, was involved in chemical interactions with 
other nitrogenous compounds. 

Interaction of Antibody Protein with Dietary Glycine in Rat—7 days 


* This work was carried out with the aid of grants from the Rockefeller Founda- 
tion and the Josiah Macy, Jr., Foundation. 
t Died, September 11, 1941. 
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after the final injection of a rat with hemocyanin (Experiment 1) isotopic 
glycine was administered for 3 days by admixture with the stock diet, 
The antigen-antibody complex isolated from the blood plasma at the end 
of the experimental period by precipitation with hemocyanin contained 
much N® (Table I). About 1.7 per cent of the nitrogen of the anti- 
body protein and 2.0 to 2.3 per cent of the nitrogen of the other serum 
proteins were derived from the dietary glycine in 3 days. 

Interaction of Antibody Protein with Dietary Tyrosine and Glycine in 
Rabbit—Since rats do not form precipitins readily, the subsequent experi- 
ments were carried out with rabbits. Pneumococcus Type III was em- 
ployed for immunization. As the nitrogen-free specific carbohydrate 
from this microorganism was used for precipitation of the antibody, the 
nitrogen of the insoluble antigen-antibody complex was derived exclusively 


TaBLe I 
Concentration of Marked Nitrogen in Plasma Proteins of Immunized Rat Given Isotopic 
Glycine 
The values are calculated for an isotope content of 100 atom per cent N™ in the 
glycine administered. The probable error of these values is +0.07. 


Total protein Antibody Fibrinogen Euglobulin Pseudoglobulin Albumin 
atom per cent atom per cent atom per cent atom per cent alom per cent atom per cent 
2.30 1.69 2.30 Not 2.28 2.18 

determined 


from the antibody. A preliminary experiment (Experiment 2) was carried 
out by administering isotopic tyrosine by stomach tube to a rabbit 7 days 
after immunization was completed, The N” content in antibody, serum 
protein, and non-protein nitrogen isolated from blood samples obtained at 
intervals during an 8 day period following isotope administration is given 
in Table II. 

Both antibody and serum proteins acquired about the same low con- 
centration of isotope. These values involve an appreciable error, but are 
far above the limit of error of the analysis. The isotope concentration in 
the non-protein nitrogen fraction is high. 

The “activity” of the serum proteins in this experiment is very low when 
compared with that of other experiments in which tyrosine or glycine was 
given to rats (6,7). The protein of the rabbit took up only a small fraction 
of the administered tyrosine nitrogen. As was found later, this was due 
to the abnormal method of amino acid administration. If the isotopic 
compound is given, as in this experiment, in one large dose by stomach 
tube, its utilization appears to be less efficient than when it is administered 
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physiologically as a minor component of the diet. The latter procedure is 
therefore preferred. Both preliminary experiments in the rat and rabbit, 
however, show that antibody protein is involved in reactions resulting in 
the introduction of dietary nitrogen. 

The low values obtained in the preceding experiment did not permit an 
extensive study of antibody or plasma protein regeneration. An immune 
‘abbit (Experiment 3) was therefore given isotopic glycine containing 4.5 
atom per cent N™ excess, by admixture with the stock diet, for 3 days, 
beginning 10 days after the final injection of pneumococci. This interval 
was chosen because at this point the amount of circulating antibody began 
to decrease. Subsequent antibody levels are given in the lower portion 
of Fig. 1. Following this period the animal was kept on the same diet 


TaB.e IT 
Concentration of Marked Nitrogen in Serum Protein and Antibody of Immunized 
Rabbit Given Isotopic Tyrosine 
The values are calculated for an isotopic content of 100 atom per cent N™ in the 
tyrosine administered. The probable error of these values | is } £0. 03. 














N® concentration in } N® concentration in 
| Antibody |- =e hanna | Antibody | 
Hrs. after | : | Hrs. afte , 
og | pond Rael Non- | feeding | - | Remain Sen. 
| of serum | Antibody ome | Protein | oe | Antibody a % protein 
protein N 4 protein N 
- me. N alom per | atom per atom per | ¢ mg. N atom per | alom per | atom per 
per cc. cent cent cent per cc. cent cent cent 
| | 
3.0 2.48 0.10 | 0.12 7.2 33.5 | 2.26 | 0.24 0.31 
5.5 | 2.40 | 0.20 | 0.22 | 5.3 | 49.5 | 2.28 | 0.23 | 0.31 | 0.57 
9.2 2.29 0.23 | 0.28 | 5.5 | 128 | 2.06 0.19 | 0.27 
15.5 | 2.45 | 0.23 | 0.29] 2.3 | 17% | | 0.25 | 0.20 
%.5 | 2.39 0.25 | 0.29] 1.1 1 | 200 : | 0.15 | 0.18 





without the addition of glycine. During and after glycine feeding the 
total amount of antibody and the isotope content of the antibody and of 
the rest of the serum proteins were determined in samples of blood obtained 
at frequent intervals over a period of 20 days. These values are recorded 
in the upper portion of Fig. 1. Immediately after the addition of isotopic 
glycine to the diet, the isotope content in the nitrogen of antibody and 
serum protein rose rapidly. After 3 days about 1.5 per cent of the nitrogen 
of each of the proteins is marked nitrogen originating from the dietary 
glycine. After the isotopic glycine in the diet was stopped, the isotope 
content in both antibody and non-antibody proteins decreased. There is 
little doubt that the same type of chemical reaction was responsible for 
both the increase and the decrease of isotope concentration. The rate of 
nitrogen replacement in the antibody, which almost parallels that of the 
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remaining serum proteins, fails to distinguish this protein from other} a 
normally present. st 
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Fig. 1. Concentration of marked nitrogen in serum protein and antibody of im- 
Ce sae rabbit during and after the feeding of isotopic glycine (caleulated for an | 
isotopic content of 100 atom per cent in the compound administered). | 
| as 


TaB_Le III 


Concentration of Marked Nitrogen in Amino Acids from Fractions of Serum of| 
Immunized Rabbit Given Isotopic Glycine 


The values are calculated for an isotope content of 100 atom per cent N® in| te 


the glycine administered. The probable error of these values is +0.06. | ab 
Cc i Antibody Globulin Euglo Pseudo- Albumi pr 
seine . ' A® bulin globulin | “umn 


alom per atom per atom per atom per atom per pe 


z cent cent cent cent cent f 
' . ‘ r 0 
Total protein 0.89 1.84 2.38 1.52 t 
Glutamic acid 0.77 1.68 1.38 2.88 2.34 u 
Aspartic “ 0.49 1.34 2.8 | of 
Arginine 0.64 0.48 1.82 1.34 su 
Insoluble Cu salts of monoaminomono- 1.20 | de 
sarboxylic acids on 
Glycine 6.82 
* Precipitated by 25 per cent saturation with Na,SQ,. ce 


Distribution of Dietary Nitrogen in Serum Proteins and Antibody—Sinee} of 
the isotope concentration in the whole protein cannot alone reveal the| cy 
nature of the reactions responsible for the introduction of isotope, a in 
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attempt was made to investigate the reactions in which antibody and other 
serum proteins are involved by isolation of individual amino acids from 
these proteins. In Experiment 4 an immune rabbit was given isotopic 
glycine under the same conditions as in Experiment 3, after which the 
animal was exsanguinated by heart puncture. The blood plasma was 
separated into antibody and other plasma protein fractions and amino 
acids were isolated from each fraction by suitable procedures. The isotope 
concentrations of the individual amino acids are given in Table III. 

The results are similar to those found in a study of the proteins of organs 
obtained from rats that were given isotopic amino acids (4, 6, 7). The 
glycine isolated from the antibody protein had a very high isotope content, 
indicating that dietary glycine had replaced some of the glycine originally 
present in the protein. The other amino acids had lower but significant 
isotope concentrations in all the protein fractions. The reactions indicated 
by the presence and relative concentration of isotope in the various amino 
acids of the plasma proteins are therefore essentially the same as those 
deduced for the organ proteins. They require a continuous opening and 
closing of peptide linkages for the introduction of new amino acids and a 
shift of a-amino nitrogen. A discussion of these reactions and their 
metabolic significance has already been given (4). The present studies 
show that antibodies are involved in the same cycle of metabolic reactions 
as the other proteins of serum and of the organs. 


EXPERIMENTAL 


Experiment 1—A rat weighing 350 gm. received thirty-two intraperi- 
toneal injections of alum-precipitated Limulus hemocyanin averaging 
about 2 mg. of protein per injection. During the whole experimental 
procedure the animal was kept on the casein-containing stock diet (6). 
7 days after the last injection of hemocyanin, isotopic glycine (4.5 atom 
per cent N® excess) corresponding to 37 mg. of nitrogen per day was fed 
for 3 days. At the end of this period the animal was killed by heart punc- 
ture. 0.78 mg. of specific precipitate nitrogen was obtained by addition 
of 2.5 mg. of hemocyanin nitrogen to the 4.5 cc. of plasma available. The 
supernatant plasma from the specific precipitate was fractionated as 
described below by treatment with varying concentrations of sodium 
sulfate. 

The nitrogen of the antigen-antibody complex contained 0.037 atom per 
cent N® excess. The values reported by Malkiel and Boyd (8), who 
studied rabbit antihemocyanin, suggest that this precipitate might consist 
of about one-third hemocyanin and two-thirds antibody. As the hemo- 
eyanin in our experiment did not contain marked nitrogen, the N™ value 
in the antibody nitrogen was calculated from the observed value after bot h 
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this dilution and a second one, necessitated by the addition of a known 
quantity of normal nitrogen, as described below, in order to bring the total 
quantity up to 1 mg., were taken into account. The calculated value for 
N*® in the antibody was 0.07 atom per cent N"™ excess. 

Experiment 2—Rabbit A-11, weighing about 3 kilos, which had received 
several earlier courses of intravenous injections of formalinized Type IT] 
pneumococci, was again given a short course of injections. On the 6th 
day after the final injection a sample of the animal’s serum contained 2.68 
mg. of antibody nitrogen per cc. On the following day the animal was 
given 1.5 gm. of dl-tyrosine (containing 10.5 atom per cent N* excess) as 
the sodium salt in 17 ec. of water by stomach tube. Samples of blood were 
taken at intervals; antibody was quantitatively precipitated with a slight 
excess of specific polysaccharide (5) and N" was determined in the precipi- 
tate, in the protein of the antibody-free serum, and in the non-protein 
nitrogen. The results are given in Table IT. 

Experiment 3—Rabbit A-36 which, like Rabbit A-11, had received a 
number of courses of Type III pneumococcus vaccine injections, was kept 
in a metabolism cage and received daily 50 gm. of a mixture of 2 parts of 
ground whole wheat and 1 part of ground alfalfa. This was administered 
as a wet mush in a cup specially designed to prevent spilling. The animal 
consumed all of its diet. Small daily samples of blood were obtained and 
the amount of antibody nitrogen per cc. of serum was determined daily. 

10 days after the last antigen injection, when the total amount of 
circulating antibody was decreasing, there was added to the diet 1.5 gm. 
of glycine (4.5 atom per cent N"™ excess) per day for 3 days. Following 
this period the animal was kept on the same diet without the addition of 
glycine. During and after glycine feeding, blood samples were withdrawn 
daily and fractionated. The results of isotope analysis, expressed as in 
Table I, are given in Fig. 1. 

Experiment 4—A rabbit weighing 2.5 kilos was immunized with Type 
III pneumococcus as in Experiment 2. 7 days after the last injection, 
there were added to the diet 1.75 gm. of glycine (4.93 atom per cent N® 
excess) per day for 3 days. At the end of this period the animal was bled 
from the heart. Antibody was precipitated from the serum with specific 
polysaccharide. The washed precipitate contained 246 mg. of nitrogen, 
corresponding to about 1.5 gm. of antibody protein. The supernatant 
fluid was fractionated with sodium sulfate into the various protein fractions 
as described below. Each fraction was hydrolyzed and a number of pure 
amino acids (glutamic acid, aspartic acid, arginine, and glycine) were 
isolated. The results of the isotope analysis are given in Table III. 

Chemical Procedures—The isotopic amino acids, dl-tyrosine and glycine, 
were prepared by methods previously described (9). The fractionation 
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of serum or plasma was carried out by precipitation with sodium sulfate 
solution saturated at 35-38°. In general, an equal volume of water was 
added to the centrifuged serum, followed by sufficient saturated Na SO, 
solution to bring the salt concentration to one-quarter saturation. Any 
precipitate was centrifuged off and arbitrarily considered fibrinogen or 
globulin A. The supernatant was brought to one-third saturation with 
Na,SO, and the precipitate designated euglobulin. Subsequent precipita- 
tion at one-half saturation gave ‘“‘pseudoglobulin” and full saturation 
yielded albumin which was usually filtered off in a warm place and redis- 
solved in water. In one or two instances fibrinogen was obtained from 
plasma by warming to 56° and stirring. Non-protein nitrogen was re- 
moved from each protein solution or sample of supernatant serum by 
precipitation of the protein with trichloroacetic acid. The filtered and 
washed precipitate was then dissolved in dilute alkali to facilitate sampling. 
For analysis of non-protein nitrogen, the trichloroacetic acid filtrates were 
extracted with ether and the aqueous layer employed for estimation of 
total nitrogen and N* content. 

The determination of antibody nitrogen in serum was carried out as 
previously indicated (5) by addition of a slight excess of antigen or specific 
polysaccharide to an accurately measured volume of serum, The specific 
precipitate was washed twice in the cold with saline and analyzed for 
nitrogen by a modification of the micro-Kjeldahl method. Estimations of 
N" were carried out as usual (10) except when the amount of nitrogen was 
inconveniently small as in the specific precipitate from Experiment 1 and 
in non-protein nitrogen samples. In such cases ammonium acid phthalate 
was added to increase the gas volume. In reporting such values (Tables 
I and Il) we have taken the dilution into account. The concentration of 
N® in the non-protein nitrogen of Experiment 2 (Table II) is much greater 
than the corresponding serum protein value at the beginning of the experi- 
ment, and rapidly decreases. In Experiment 3 (Fig. 1), when the isotopic 
amino acid was administered, not by stomach tube, but in the diet over a 
3 day period, the concentrations of N® in the non-protein nitrogen of the 
serum for the first 5 davs were 4.4, 4.9, 6.6, 4.2, and 4.7 per cent respectively. 
It is highly probable that a considerable part of the heavy nitrogen in the 
non-protein nitrogen was in the form of the amino acid fed. The method 
of administration in Experiment 3 which results in a much slower absorp- 
tion than in Experiment 2 may reasonably explain the maintenance of the 
non-protein nitrogen at a high level of N® during feeding and for 48 hours 
after. 

In Experiment 4, for the isolation of amino acids, antibody was separated 
from the remaining serum proteins by adding to the diluted serum a solu- 
tion of 56.4 mg. of the specific polysaccharide of Type III pneumococcus 
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(11), slightly more than the amount necessary to precipitate the antibody. 
The precipitate was centrifuged off and washed three times with 40 to 50 
ec. of chilled saline. The last washing still contained heat-coagulable 
protein. 

Isolation of Amino Acids from Antibody and Other Serum Proteing of 
Experiment 4—The specific precipitate was hydrolyzed with 20 per cent 
hydrochloric acid. The hydrolysate contained 246 mg. of nitrogen. |i 
was brought to dryness in vacuo, and chloride ions were removed by treat. 


TaBLe IV 
Analysis of Amino Acids Isolated from Serum Proteins of Immunized Rabbit Given 
Isotopic Glycine 
The N*™ concentrations reported here are the observed values having a probable 
experimental error of +0.003. 


] 
Antibody | Globulin A* | Euglobulin | Pseudoglobulin Albumin 
| | 


} : 
1) Ni Nis 5 | Ne |, NG id Nu 
_ | concen- —- concen Total concen | _— concen _ concen- 
: }tration| ~* | tration > tration : tration ; tration 
alom | @alom alom atom atom 
per | percent) per | percent, per | percent) per | percent) per | per ceni 
cent | N*® | cent | N® cent Ne cent NS cent Nu 
| excess | excess excess excess | excess 


Glutamic acid hydro- | 7.40) 0.038) 7.45) 0.084) 7.65) 0.069) 7.72) 0.144) 7.60) 0.117 
chloride; theory | 
7.60% N | | 

Aspartic acid as an- | 7.08) 0.024) 7.24) 0.067) 7.00) 0.114 
hydrous copper 
salt; theory N 7.18 

Glycine as toluene- 6.20 
sulfonylglycine ; | 
theory N 6.11 

Arginine 0.032 0.024 0.091 0.067 


~ 
— 
bb wd 
a 


* Precipitated by 25 per cent saturation with NasSO,. 


ment with silver carbonate; the amino acids were precipitated by Neuberg’s 
procedure (12) and liberated with hydrogen sulfide. The other protein 
hydrolysates were worked up without preliminary precipitation of amino 
acids. Arginine was precipitated as the flavianate, and the flavianate 
recrystallized. The product was decomposed with concentrated hydro- 
chloric acid; the filtered arginine solution was treated with norit and used 
directly for isotope determination. The dicarboxylic acids were pre 
cipitated as barium salts with alcohol. Glutamic acid was isolated as the 
hydrochloride and aspartic acid as the copper salt. After removal of the 
dicarboxylic acids the hydrolysate was treated with copper carbonate, and 
the fraction of copper salts insoluble in water was separated. Its amount 
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was too small (24 mg.) for further fractionation. After removal of copper 
from the filtrate, glycine was precipitated with oxalatochromiate (13) and 
purified as toluenesulfonylglycine (m.p. 147°), as described previously (7). 

The total nitrogen and isotope concentration of the amino acid samples 
are given in Table IV. 

DISCUSSION 

The interaction of dietary nitrogen with antibody protein has been 
observed in antiprotein and anticarbohydrate for varying periods of time. 
All the experiments were carried out after maximum antibody formation 
had been attained and when the total amount of circulating antibody was 
actually declining. During the first few days of this experiment and 
simultaneously with the administration of isotopic glycine, the N™ content 
of the antibody rose rapidly; this was followed by a continued decrease in 
N5 when isotopic glycine was no longer fed. The introduction of isotopic 
nitrogen into antibody protein under these conditions must have involved 
both the opening and closing of peptide bonds in protein degradation and 
synthesis. Similarly the removal of isotopic nitrogen from the antibody 
after the 4th day could only have occurred by a continuation of the same 
reactions responsible for the introduction of isotope. The data supplied 
in Fig. 1 therefore permit an estimate of the rates of formation of both 
antibody and serum protein. The concentration of marked nitrogen in 
the antibody nitrogen fell from a maximum of about 1.6 atom per cent to 
one-half that value in about 2 weeks. This period may be taken to 
represent the half lifetime of nitrogen in antibody protein and probably 
closely approximates the actual half lifetime of the antibody molecule. 
That of the average serum protein molecule is of about the same duration. 


SUMMARY 


1. By the administration of isotopic amino acids to actively immune 
rat and rabbits, it has been shown that antibody, like the other serum and 
body proteins, participates in metabolic reactions involving the uptake 
of dietary nitrogen. 

2. The distribution of isotopic nitrogen introduced into antibody and 
serum protein fractions has been investigated by the isolation of amino 
acids. The observed isotope concentrations indicate that amino acid re- 
placement and nitrogen transfer among individual amino acids occur in 
antibody .and normal serum proteins, in the same manner as has been 
indicated in organ proteins. 

3. The average rate of these reactions has been observed in antibody and 
normal serum proteins by following the rate of replacement of isotopic nitro- 
gen by normal nitrogen. It was found that the half life of an antibody mole- 
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In the preceding paper (1) it was shown that actively induced antibody 
protein does not differ from other plasma or body proteins with respect to 
the uptake of dietary nitrogen but participates in the same types of meta- 
bolic reactions and at about the same rate. In order to avoid undue com- 
plications, the period chosen for investigation followed the peak of anti- 
body production, and observations were made when the total amount of 
circulating antibody was actually declining. Under these conditions, in- 
dications of continued antibody formation were obtained. 

A further opportunity for the investigation of a specific protein is offered 
by passive immunization, in which appreciable amounts of antibody pro- 
duced in one animal are injected into another. When antipneumococcus 
serum is employed for this purpose, quantitative separation from other pro- 
teins in the plasma may be carried out with specific polysaccharide as in the 
earlier experiments. It should then be possible to determine whether a 
protein homologous to the species of animal used, but artificially intro- 
duced, would show the same behavior as actively produced antibody or 
other native proteins in the body (2). 

A normal rabbit was given a single large injection of Type III antipneu- 
mococcus rabbit serum. The administration of isotopic glycine by addi- 
tion to the stock diet was started 2 hours before injection and continued for 
48 hours. Daily estimations of the amount of circulating antibody and of 
the N“ concentration of antibody and residual serum proteins were made. 
As noted in Table I, the antibody protein contained a very low concentra- 
tion of N, though the high values usually observed were found in the other 
serum proteins. 

The error of analysis of N“ by the mass spectrograph employed was esti- 


* This work was carried out in part under the Harkness Research Fund of the 
Presbyterian Hospital and in part with the aid of grants from the Rockefeller Founda- 
tion and the Josiah Macy, Jr., Foundation. 

t Died, September 11, 1941. 
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mated to be about +0.03 atom per cent N“ excess when calculated on the 
basis of 100 atom per cent for the isotopic glycine used in this experiment. 
The values reported in Table I for antibody nitrogen are so little greater 
than the error of the method! that they cannot be regarded as indicative of 
any uptake of isotope. It was suspected that such traces might be due to 
the presence of small amounts of adhering material of high isotope con- 
centration. Since the sensitivity of the mass spectrograph is greater than 
that of most analytical methods, contaminants may have escaped detection 
by the usual micro-Kjeldah! procedure. Further purification of the anti- 
body was therefore carried out by dissociation of the specific precipitate 
with 10 per cent salt solution (3) and reprecipitation by the specific poly- 


TaBLe I 
Concentration of Marked Nitrogen in Antibody, Serum Protein, and Non-Protein 
Nitrogen of Passively Immunized Rabbit Given Isotopic Glycine 
The values are calculated for an isotope content of 100 atom per cent N"™ in the 
administered compound. The probable error of these values is +0.03. 


N® concentration 


Period* Antibody N 
Antibody foyer d Non-protein N 
Ars. meg. per cc. alom per cent atom per cent atom per cent 
2 (Before injection) 0 0.05t 5.79 
2} (After es ) 1.36 0.08 0.10 
254 0.67 0.09 0.65 
483 0.54 0.13 1.20 
49t 0.40 0.09 
Antiserum employed 0.06 


* After the beginning of isotope administration. 
+ A sample of the whole serum was analyzed. 
t Blood was removed after 20 cc. of isotonic saline were injected. 


saccharide. The N analysis of the purified antibody and that of the non- 
antibody protein remaining in solution after specific precipitation of the 
purified antibody are reported in Table II. The specific protein was again 
found to contain only traces of isotope, while the soluble non-specific pro- 
tein, which was present in small amounts, contained a high concentra- 
tion of N®. 

The antibody fraction which could not be extracted from the specific pre- 
cipitate was dissolved in aqueous alkali (3, 4) and this portion was also 

1 Though the N™ analyses of biological materials to which no N™ has been added 


usually fall within the experimental error of the method, samples of blood plasma 
frequently give slightly higher values. All values are reported as excess over natural 


abundance. 
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separated into specific and non-specific fractions. The N’ analyses, also 
shown in Table II, are similar to those of the first separation. It therefore 
appears quite certain that the traces of N" found in the passively intro- 
duced antibody are due to the difficulty of removing small amounts of ad- 
hering non-specific protein. 

Simultaneous Active and Passive Immunity in Same Animal—Confirma- 
tion of the failure of injected antibody to incorporate dietary nitrogen was 
obtained with a rabbit which had first been rendered actively immune to 
Type III pneumococcus and subsequently had been passively immunized 
by a single large injection of antipneumococcus Type I rabbit serum. _ Iso- 
topic glycine was administered as before. Antibodies to each type of 
pneumococcus were isolated from the serum by successive precipitation 


Tas_e II 
Concentration of Marked Nitrogen and Total Nitrogen of Antibody after Fractionation 


The values are calculated for an isotope content of 100 atom per cent N*™ in the 
administered glycine. The probable error of these values is +0.03. 


Fraction* Total N of fraction’ N™ concentration 
me. atom per cent 
Soluble in 10% NaCl 
Precipitable by S-III ; ; ns 0.64 0.14 
0.70 0.73 


Non-precipitable Soke craters ¢ 
Insoluble in 10% NaCl, soluble in alkali 

Precipitable by S-III re at ee eee —_ 22.20 0.10 

ENON no hirdddn wands cexeagunn' ees 1.20 0.65 


* The serum from which the dissociated solutions were prepared contained a total 
of 33 mg. of antibody nitrogen based on micro-Kjeldahl analyses of the specific 
precipitate from 10 ec. portions. The total antibody nitrogen dissociated was 70 
per cent of the amount present. 


with the respective specific polysaccharide. The precipitations were per- 
formed in pairs, the order of precipitation being reversed in each pair to 
test for complete separation of the two antibodies. That this was ac- 
complished may be seen from the data in Table III. The N® content of 
each antibody is unaffected by the order of separation. The high N® con- 
tent found in the Type III antibody and in the other serum proteins native 
to the animal is in marked contrast to the negligible value in the Type I 
antibody protein. 

Attention is drawn to the greater rate of disappearance of the passively 
introduced antibody, in comparison with that actively produced. It is 
difficult to eseape the conclusion that the maintenance of the level of active 
antibody by its continual production in vivo is reflected in the observation 
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that, of the two antibodies circulating in the animal, only that produced by 
the tissues of the host contains nitrogen of dietary origin. Whether such 
nitrogen is introduced exclusively during total synthesis or is also taken up 
in conjunction with partial fragmentation or temporary opening of strue- 
tural linkages of antibody protein already present cannot be decided by the 
experiments here reported. As stated in an earlier paper (2), 

“There are two general reactions possible which might lead to amino acid replace. 
ment: (1) complete breakdown of the protein into its units followed by resynthesis 
or (2) only partial replacement of units. Metabolic studies with isotopes indicate 

TaBLe III 


Concentration of Marked Nitrogen in Type I and Type III] Antibodies and in Super- 
natant Serum Proteins Obtained from Actively and Passively Immunized Rabbit 
after Administration of Isotopic Glycine 


The values are calculated for an isotope content of 100 atom per cent N"™ in the 
administered compound. The probable error of these values is +0.03. 


ae Ang ‘ Type I antibody Type III antibody Supernatant 
serum proe 
Period*® a . tein, Nu 
N& NS Nu concen- 
Total N. concen- Total N| concen- Total N_ concen- tration 
tration tration tration 
Avs mg. per atom per mg. per atom per mg. per atom per atom per 
: cc cent a cent ce cent cent 


0 (Before injection) 0.16 12 0.07 
0 


3 
(After “ ) 0.13 1.09 0.07 2.30t 0.10 
22} 0.12 0.40 0.68 0.03 | 2.59t | 0.42 0.55 
0.668 0.09 2.70 0.43 0.54 
48 0.12 | 0.73 | 0.49 0.12 | 2.27f | 0.86 1.06 
0.468 0.05 2.30 0.85 1.07 
168 0.07 | 0.62. 0.18 0.10 | 1.52t 0.68 


* After the beginning of isotope administration. 

t Probably too little S-IIIT was used for the analyses. 

t From the supernatant after removal of Type I antibody. 

§ From the supernatant after removal of Type III antibody. 

| After 48 hours 56 ec. of blood were removed and a transfusion of normal blood 
given for survival. 5 days later this sample was taken. 


only end-results but not intermediate steps of a reaction. We have no indication 
as to what had happened to the protein molecule in the animals. Both reactions are 
conceivable. The second type, replacement of units, has been shown by Bergmann 
and collaborators [(5)] to occur in vitro under the action of proteolytic enzymes on 
polypeptides and the oecurrence in vivo of these reactions has been postulated.” 


It seems likely that the dietary nitrogen may enter at many stages of pro- 


tein metabolism. Whatever the mechanisms, the present data furnish ne 
reason fer considering the chemical reactions undergone by actively pro- 
duced antibody protein to be different from those of any other serum or 
body protein. 
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EXPERIMENTAL 


Experiment 1. Passive Immunization—A normal rabbit, L, weighing 
about 2.5 kilos, was kept on a diet consisting of equal parts of ground al- 
falfa and ground whole wheat administered as a mush. After 7 days iso- 
topic glycine containing 10.5 atom per cent N™ excess was added to the 
diet. 2 hours later 20 ec. of blood were removed by ear vein and 23 cc. of 
Type III antipneumococcus rabbit serum containing 5.8 mg. of antibody 
N per ce., diluted with 18 cc. of saline, were injected intravenously in two 
portions 10 minutes apart. The antiserum had previously been run 
through a sterile Chamberland L2 filter and analyzed. Feeding of isotopic 
glycine was continued for 49 hours, when a total of 2.65 gm. of isotopic 
glycine was consumed. A sample of blood was removed 25} hours after 
isotope feeding was begun. At the end of the experimental period 50 cc. 
of blood were removed by heart puncture. 15 minutes later an additional 
45 ec. were obtained following an intervening injection of saline. All 
samples of serum were analyzed for antibody content with the specific 
polysaccharide of Type III pneumococcus (S-III) as described in the pre- 
ceding paper and for N® concentration in both antibody and supernatant 
serum protein nitrogen. The data are recorded in Table I. 

Though it is possible to remove non-specific protein completely within the 
error of the micro-Kjeldahl method from small analytical samples of specific 
precipitate such as those recorded in Table I, it was felt that the rather high 
isotope content of these washed precipitates might be due to residues of 
non-specific protein large enough to be detected by the extremely sensitive 
mass spectrograph. In order to provide information on this point, the 
final serum samples were pooled, filtered through a small alkali-washed 
Berkefeld V candle, and precipitated with the calculated amount of S8-IIT. 
The specific precipitate was washed three times with chilled saline, centri- 
fuged again, and treated for 1 hour at 37° with 10 per cent sodium chloride 
solution (3). The dissociated antibody and any other globulins present in 
solution after centrifugation were precipitated with an equal volume of 
sodium sulfate solution which had been saturated at 35-38° and centrifuged 
off, taken up in water, and made up to 5 ec. (Solution A). The salt-in- 
soluble portion of the specific precipitate was worked up to a smooth sus- 
pension in water, dissolved as well as possible by being made alkaline to 
thymolphthalein in the cold with 0.1 nN NaOH (3), and centrifuged in the 
cold. The supernatant was neutralized (Solution B, 137 cc.). Solutions 
A and B were again centrifuged and analyzed for antibody and non-anti- 
body nitrogen and isotope concentration (Table II). 

Experiment 2. Simultaneous Study of Actively Produced and Passively 
Injected Antibody in Same Animal—Rabbit B-63, weighing about 2.5 kilos, 
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was immunized to Type IIL pneumococcus by several courses of injections 
of formalinized Type II] pneumococcus. 12 days after the last injection, 
when the animal’s serum contained 3.12 mg. of anti-S-III N per ce., 12 
ee. of blood were withdrawn by ear vein and 32 cc. of pooled Chamberland- 
filtered Type I antipneumococcus rabbit serum containing 3.36 mg. of anti- 
S-I N per ee. were injected intravenously in two portions. 20 minutes later 
a sample of blood was removed for analysis. Isotopic glycine containing 
10.5 atom per cent N™ excess was then administered by addition to the diet 
used before. In both Experiments 1 and 2 the animals ate all of their food 
and otherwise maintained a normal appearance following the injection of 
antiserum. Administration of isotope was continued for 48 hours, when 
2.65 gm. of isotopic glycine had been consumed. 22 hours after isotope 
feeding was begun, a small sample of blood was removed by ear vein and at 
the end of the experimental period 56 cc. were removed by heart puncture. 
The rabbit immediately received a transfusion of normal rabbit blood to 
insure survival. 5 days later, or 7 days after the beginning of the experi- 
ment, a sample of blood was again taken. 

Antisera to pneumococcus often contain antibodies to the so called “C 
substance” (6), a somatic polysaccharide devoid of type specificity, but oe- 
curring in antigenic form in all pneumococci, regardless of type. The 
chemical properties of the C substance render its complete removal from the 
type-specific polysaccharides a difficult matter, and the preparations of the 
type-specific polysaccharides of Types I and II] pneumococcus (S-I and 
S-II1) used (7) accordingly may have contained sufficient C substance to 
precipitate at least a portion of any anti-C present. It was felt that sinee 
the antibodies to be studied for differential behavior were those to S-l 
and S-III, a more clean cut result could be obtained if anti-C were removed 
in every instance from the bleedings before precipitation of the type-specific 
antibodies. This was accordingly carried out by absorption of the sera with 
C substance isolated from Type II pneumococci in order to avoid complica- 
tions due to any type-specific polysaccharide present in the C carbohydrate 
as an impurity. After a preliminary test quantitative data were obtained 
on each bleeding by addition of the indicated quantity of C substance, fol- 
lowed, after 24 hours in the cold, by addition of small increments of C sub- 
stance until no further precipitation occurred. The analyses were com- 
pleted in the usual way and the data are recorded in Table ILI. 

Antibodies to S-I and S-III were then determined in the supernatants, 
correction being made for dilution due to the addition of solutions of C 
substance. Two series of analyses were run on each bleeding, one in which 
S-I was added first, the other in which S-IIL was added first. The super- 
natants were then analyzed for antibodies to S-III and S-I, respectively. 
In general there was little difference between the two series, as may be 
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noted from Table III. In the estimations of anti-S-I, somewhat less than 
the quantity of N (4.7 per cent actually, but calculated as 4 per cent to 
correct for the slight excess used) in the S-I used for the analysis was de- 
ducted from the total N found. Since the amount of N due to S-I was 
less than 2 per cent of the total precipitated, this correction was not made 
in the very low N"™ content of the precipitates. The preparation of samples 
for analysis of N'® was carried out as described in the preceding paper (1). 
DISCUSSION 

The results reported show that in the absence of an active immune 
mechanism, antibody protein circulating in the body enters into metabolic 
reactions which lead to its disappearance, but not to the regenerative up- 
take of nitrogen. The contrasting chemical activities of antibodies result- 
ing respectively from active and from passive immunization may be 
accounted for by assuming either that the antigen remains in the animal 
body over a prolonged period, or that cells conditioned to produce antibody 
continue to exercise this function in active immunity, even during the late 
period when the antibody content of the serum decreases. The actual 
survival of antigen (or active degradation products from it) during this 
latter period is an assumption for which no direct experimental evidence 
has been found (8). The present results do not clarify the fate of antigen, 
since they are interpretable on either basis. 

An antibody protein introduced into a normal animal by injection of 
antiserum from another individual of the same species is foreign to the 
organism to the extent that it is not normally elaborated therein, although 
the recipient animal is potentially capable of producing it. Physicochemi- 
cal (9) and serological tests fail in general to distinguish between the 
corresponding normal serum protein constituents of different individuals 
of the same species. The failure of passively introduced antibody to take 
up heavy nitrogen can therefore less reasonably be ascribed to a generalized 
“foreign protein” character than to the absence of some specific function 
of the tissue cells of the host. During the early stages of immunization, 
at least, the presence of antigen or its degradation products at the site of 
globulin formation induces changes in the synthesis of globulin reflected 
by its ability to react with antigen. During this initial period the amount 
of antibody formed is greater than that destroyed, for the total quantity 
present increases. 10 days or more after cessation of injections, when the 
total antibody content is decreasing, the rate of synthesis appears to be less 
than that of destruction. These processes evidently continue as long as 
immunity persists. On the other hand, in passive immunity, when the 
possibility of continued antibody formation is lacking, evidence of con- 
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tinued synthesis of antibody protein is absent and only its disappearance js 


revealed. 
SUMMARY 


1. Passively injected antibody has been shown to undergo no changes 
involving nitrogen replacement. 

2. In a rabbit already actively immune to another antigen, the absence 
of uptake of dietary nitrogen by the passive antibody is in pronounced 
contrast to the appearance of marked nitrogen in the active antibody. 

3. The incorporation of dietary nitrogen into actively engendered anti- 
body appears to be ascribable to a specific alteration of cellular function 
induced by the presence of homologous antigen. 
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A NEW COLOR TEST FOR TRYPTOPHANE IN PROTEIN 
HYDROLYSATES 


Sirs: 

The procedure to be described consists in adaptation of the Jolles 
reaction for indican in such a way that the reaction is given by tryptophane. 
Jolles! introduced alcoholic thymol for the detection of indican in urine 
and later? developed the reaction into a quaatitative colorimetric procedure. 
Sharlit® subsequently modified the method, improving its specificity and 
sensitivity. Tryptophane itself gives only a faint color reaction with this 
test, a fact reported by Sharlit which we have fully confirmed. We have 
found, however, that, if tryptophane is deaminized by dilute acetic acid 
and sodium nitrite prior to treatment with a slight modification of the 
Sharlit procedure, a deep red color is obtained, the intensity of which is 
proportional to the quantity of tryptophane present. 

Since this color reaction is not specific for tryptophane, being given by 
various indole compounds, it is of limited value when other indole com- 
pounds are present. In the case of proteins and protein hydrolysates, 
however, in which tryptophane is the only indole compound present, the 
test is particularly useful. We have tested all other known amino acids 
and humin-free sulfuric acid hydrolysates of casein and have in no instance 
observed the development of red color, the solution in each case remaining 
a pale green hue similar to that of the reagent blank. 

The quantitative application of this procedure to protein analysis was 
carried out as follows: The protein sample was hydrolyzed by being boiled 
under a reflux for 20 to 22 hours with 5 ml. of 20 per cent NaOH per gm. 
of sample. The hydrolysate was neutralized to pH 7 with glacial acetic 
acid. Silica (from slight disintegration of the glass vessel) was filtered off 
and the volume of the filtrate adjusted, so that 2 ml. contained approxi- 
mately 1 mg. of tryptophane. A 2 ml. sample of filtrate in a colorimeter 
tube marked at 5 ml. is treated with 0.3 ml. of sodium nitrite and 0.1 ml. 
of 10 per cent acetic acid and the mixture is shaken intermittently for 10 
minutes. There are then added in succession 0.3 ml. of potassium per- 
sulfate (1 per cent), 0.5 ml. of thymol (1 per cent in 95 per cent ethanol), 
and 5 ml. of a mixture of 3 parts of 40 per cent trichloroacetic acid and 2 
narts of concentrated hydrochloric acid, with thorough mixing after each 
addition. The tube is immediately placed in a boiling water bath for 5 


! Jolles, A., Z. physiol. Chem., 84, 310 (1913). 

2 Jolles, A., Z. physiol. Chem., 94, 79 (1915). 

§Sharlit, H., J. Biol. Chem., 99, 537 (1932-33). 
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minutes and is then cooled in an ice bath for 5 minutes. The sample will 
then have separated into two layers—an almost colorless aqueous layer 
above and a red layer of ethyl trichloroacetate below. All but approxi- 
mately 0.3 ml. of the upper aqueous layer is then removed by a capillary 
pipette and the colored layer is diluted to the 5 ml. mark with glacial acetic 
acid. The resulting color is read in a photoelectric colorimeter (Klett- 
Summerson, with a No. S-54 filter) and compared with that of a similarly 
treated tryptophane standard. 


Tryptophane Assays of Protein Hydrolysates 


| Data on original samples | Recovery of added tryptophane 
: | | ‘ r Per c 
Protein or hydrolysate Trypto- Try Total , ent 
Total h . ypto ee added 
7 Tryptophane ny parr} pa ce 
| sample found x 
me. meg. (per cent) me me me 
Lactalbumin (Harris) 7.08 1.24 | 2.80 
Casein (Harris) 8.50) 0.97 | 1.83 
“« (Sheffield, crude) 8.20) 1.21 | 2.35 | 0.47 | 0.36 | O.81 | 94.5 
ae) ie **  deami- 
nized) 5.58, 0.89 | 2.54 | 0.69 0.21 0.90 | 100.0 
Gelatin (Knox) 11.12 0.0 0.0 0.0 0.72 | 0.68 | 95.0 
Amigen* 8.28) 1.16 | 2.24 
Casein (Sheffield, crude, sulfuric 
acid-hydrolyzed) 15.30 0.0 0.0 


* An enzymatic casein hydrolysate prepared by Mead Johnson and Company. 


The tryptophane content of various proteins corrected for moisture and 
ash content tested by this technique and the recovery of tryptophane added 
to protein hydrolysates are shown in the accompanying table. The agree- 
ment between duplicate determinations is within less than 2 per cent. 


Department of Pediatrics AnTHONY A. ALBANESE 
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THE IN VITRO FORMATION OF THYROXINE AND DIIODO- 
TYROSINE BY THYROID TISSUE 
Sirs: 

Radioactive iodine (I"') has been used to demonstrate the conversion 
of iodide to thyroxine and diiodotyrosine by surviving slices of thyroid 
gland obtained from the rat, dog, and sheep. Varying quantities of thy- 
roid tissue were placed in a bicarbonate-Ringer’s solution containing ap- 
proximately 0.1 y of I’ per ec. Tracer amounts of I’! were added to this 
solution. Such amounts of I contain atoms numerous enough for de- 
tection by their radioactivity but too few for chemical measurement. By 
use of such amounts of the labeled iodine it is possible to tag the iodide 
present in the tissue and bath without altering measurably their iodine 
content. 

[3! was added as iodide. At the end of 3 hours, the distribution of ['*! 
among iodide, diiodotyrosine, and thyroxine in the tissue plus its sur- 
rounding medium was 1:6:1. In 3 hours as much as 12 per cent of the 
I's! added to the bath was found as thyroxine and as much as 70 per cent 
as diiodotyrosine. These compounds were determined by a modification 
of the procedure described elsewhere.! The presence of thyroxine I and 
diiodotyrosine I'*' was verified by their repeated crystallizations to constant 
specific activity in the presence of added non-radioactive thyroxine and 
diiodotyrosine as carriers. Non-radioactive diiodotyrosine was added to 
the radioactive thyroxine before each crystallization of the latter. This 
served to wash out by dilution any radioactive diiodotyrosine that might 
have been present as a contaminant of the radiothyroxine. In a similar 
manner contaminating radiothyroxine was washed away from the radio- 
diiodotyrosine during each of the latter’s recrystallizations. 

The ability to convert iodide to thyroxine and diiodotyrosine was greatly 
reduced when thyroid slices were minced and was almost completely lost 
when they were homogenized. 


Division of Physiology M. E. Morton 
University of California Medical School I. L. CHAIKOFF 
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' Perlman, I., Morton, M. E., and Chaikoff, I. L., J. Biol. Chem., 189, 449 (1941). 





























EFFECT OF p-AMINOBENZOIC ACID ON THE MICRO- 
BIOLOGICAL ASSAY FOR NICOTINIC ACID 
Sirs: 

In our hands, the treatment of acid hydrolysates of casein with activated 
charcoal for the removal of traces of nicotinic acid' has always resulted in 
preparations which do not permit as great acid production by Lactobacillus 
arabinosus 17-5 as do hydrolysates which are not treated with charcoal. 

In a typical experiment four aliquots of one lot of an acid hydrolysate 
of casein containing 100 mg. of dry matter per ml. were treated with 10 mg. 
per ml. of dareo G-60, norit A, nuchar, and carbex E charcoals. The maxi- 
mum amounts of 0.1 N acid produced in 10 ml. of media based on these 
charcoal-treated hydrolysates were respectively 3.9, 8.5, 6.9, and 7.8 ml., 
as compared to 10.5 ml. in a medium based on untreated hydrolysate. 
Furthermore, the curves of the response of the organism to increasing 
amounts of nicotinic acid in media prepared with charcoal-treated hy- 
drolysates did not parallel the curves obtained in media based on untreated 
hydrolysates. If assays were performed on crude extracts of various 
materials with charcoal-treated caseins used in the assay medium, the 
results obtained at various levels did not agree, but increased as increasing 
amounts of the crude extracts were added to the assay tubes. 

Elution of the charcoal which had been used in treating a casein hy- 
drolysate with hot water at neutral or alkaline pH and addition of the 
eluate to the charcoal-treated hydrolysate restored the ability of the hy- 
drolysate to support maximum growth. 

Addition of any one of a number of supposedly pure compounds to a 
medium based on a hydrolysate which had been treated with 20 mg. per 
ml. of darco G-60 resulted in as good acid production as was obtained in a 
medium based on the untreated hydrolysate. The compounds and the 
minimum amounts of each required to support maximum growth were 
pimelie acid 50 y, inositol 100 y, choline hydrochloride 50 y, thymus nucleic 
acid 10 y, adenosine 50 y, xanthine 50 y, one brand of arginine mono- 
hydrochloride 1 mg. (another brand of arginine was without effect), and 
p-aminobenzoic acid 0.001 y. It will be noted that p-aminobenzoic acid 
is 10,000 times as active as the next most active compound. This fact 
suggests that p-aminobenzoic acid is a true growth factor for Lactobacillus 
arabinosus 17-5. Purification of all the compounds exhibiting activity 
will be necessary to prove or disprove the specificity of p-aminobenzoic acid. 

Addition of 1 y of p-aminobenzoie acid to 10 ml. of media based on 


'Snell, ke. E., and Wright, L. D., J. Biol. Chem., 189, 675 (1941). 
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casein hydrolysates treated with charcoal in this and in other laboratories 
resulted in elevation of maximum acid production to, or very near to, the 
levels obtained with untreated hydrolysates. The results are shown in 
the table. In the light of these findings p-aminobenzoic acid should be 


Effect of Addition of 1 y of p-Aminobenzoic Acid per 10 Ml. to Media Based on 
Charcoal-Treated Casein Hydrolysates 


Maximum amount of 0.1 N acid produced 


Charcoal used 


Hydrolysate Treated 
Untreated Treated hydrolysate + 
hydrolysate hydrolysate p-aminobenzoic 

Brand Amount acid 

me. per mi mi mi ml 
N.1.H. Darco G-60 10 10.5 2.6 10.9 
A Norit A 4 ” 7.7 10.4 
B Nuchar 10 . 3.6 10.5 
Cc Norit A 20 10.55 6.8 9.6 
D Darco G-60 10 9.8 6.6 9.5 


* Untreated hydrolysate was not available for testing. 


added to the medium whenever charcoal-treated hydrolysates are used in 

the Snell and Wright assays for nicotinic acid or biotin. 
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CONVERSION OF ESTRONE TO ESTRIOL IN VIVO* 
Sirs: 

In an endocrine-cancer study recently conducted in this laboratory,! 
evidence was obtained for the occurrence of estrone, estradiol, and estriol 
in the urines of both men and non-pregnant women. Estrone had been 
previously isolated from the urine of males by Dingemanse et al.,? but the 
information obtained by us and others? regarding the nature of non- 
ketonic estrogens normally excreted by men is circumstantial. It was 
observed that the administration of estrone to men caused a marked 
increase in the excretion of all of the estrogens under discussion; isolation 
of the active metabolites was considered highly desirable. Accordingly, 
a total of 1.05 gm. of estrone acetate, m.p.* 124—125° (prepared from estrone 
which had been obtained from pregnant mare urine), was dissolved in oil 
and injected intramuscularly into healthy young men. The pooled urines 
(30.7 liters) which were subsequently collected were extracted with ether 
after acid hydrolysis. The phenols were taken up in benzene and extracted 
with 0.3 m sodium carbonate in order to obtain the estriol fraction‘ and 
the procedure was then repeated. Further purification of this fraction 
(approximately 30,000 r. u.) required partitioning between benzene and 
70 per cent ethanol and treatment with phthalic anhydride. Finally, 
10.3 mg. of semicrystalline material were obtained which yielded from 
ethyl acetate 1.6 mg. of crystals, m.p. 266-268°. Reerystallization from 
the same solvent gave 0.6 mg., m.p. 269-270°; a mixed melting point 
determination with authentic estriol,> m.p. 271-273°, gave 268-272°. 
The estrogenic potencies of both preparations were identical; both gave 
an identical spectrum in the David reaction. An additional 2 mg., m.p. 
268-270°, were obtained from the mother liquors. The acetate after a 


* This investigation was aided by grants from the Committee for Research in 
Problems of Sex of the National Research Council and G. D. Searle and Company. 

! Pineus, G., and Pearlman, W. H., Cancer Research, 1, 970 (1941). 

* Dingemanse, E., Laqueur, E., and Miihlbock, E., Nature, 141, 927 (1938). 

3 All melting points are corrected. 

‘Mather, A., Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 133, p. Ixiii (1940). 

* Pure estriol melts at 273° uncorrected or 282-283° corrected (MacCorquodale, 
D. W., Thayer, 8. A., and Doisy, E. A., J. Biol. Chem., 99, 327 (1932-33)). Contami- 
nation with estrone may possibly account for the low melting points reported in 
the literature for this steroid (Doisy, E. A., and Thayer, 8. A., J. Biol. Chem., 91, 
641 (1931)). However, when our specimen of authentic estriol was extracted twice 
from benzene with equal volumes of 0.3 m sodium carbonate, 98 per cent of the estro- 
genic activity was removed, whereas with estrone very little or no activity was ex- 
tracted (cf. Mather, foot-note 4). 
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single crystallization from aqueous methanol melted at 115-118°; it gave 
no melting point depression with authentic estriol triacetate, m.p. 124.5- 
125.5°, but caused a marked depression in melting point on admixture 
with estrone acetate, m.p. 124-125°. It is very unlikely that the estriol 
thus obtained arose from endogenous estrogen and not from the estrone 
administered, in view of the extremely low estriol' and total estrogen! 
content of urine of males. 

A non-ketonie fraction was obtained after two successive treatments 
of the ‘‘weak’’ phenols with Girard’s Reagent T. This material was par- 
titioned between benzene and 70 per cent ethanol, treated with succinie 
anhydride, and then hydrolyzed. The brown oil thus obtained weighed ~ 
7.2 mg. Bioassay indicated the presence of an equivalent of approxi- 7 
mately 2 mg. of a-estradiol; if 8-estradiol were the sole constituent, this 7 
fraction would have weighed about 160 mg. Further purification of this 
and other fractions is in progress. A more detailed report will follow. 
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